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Abstract. 
A magnet spectrograph i n the centre of a large array of d i f f -
used-light water Cerenkev detectors has been used to measure the 
momentum spectrum and l a t e r a l d i s t r i b u t i o n of muons i n large exten-
sive a i r showerso The data cover the ranges* 1—100 GeV/c i n muon 
5 8 
momentum, 10-700 metres i n core distance, and 10 -10 particles i n 
shower size 0 The spectra are presented i n the form of integral and 
d i f f e r e n t i a l densities as functions of muon momentum and EAS core 
distance. 
Details are given of the construction of the spectrograph and 
EAS arrays, the co l l e c t i o n and treatment of the data, and the der-
i v a t i o n of the momentum spectra and the analysis of the results,, 
Experimental results are also presented on the charge ratio bf-EASmuons, 
and an in t e r p r e t a t i o n i s offered f o r the bursts, observed i n the 
visual detectors, which are produced i n the spectrograph iron,, Where-
ver possible, comparison i s made between the results of the exper-
iment and the observations of other workers„ 
Previous theoretical models of EAS muon production have been 
c r i t i c a l l y examined and i t i s shown that the assumptions on which 
they are based are not v a l i d f o r a l l EAS muons„ I n p a r t i c u l a r , the 
density of muons possessing large momenta far from the shower core 
i s sensitive to the assumptions made about the f i r s t i nteraction of 
the primary cosmic ray. A careful analysis of the problem shows 
that such muons provide a means of estimating the mass of primary 
cosmic rays i n the EAS energy region,, 
i i -
Preface. 
The results presented i n t h i s thesis were obtained during 
the period October, 1965 to July, 1968, while the author was 
under the supervision of Professor G.D. Rochester, F.R.S0, i n 
the Department of Physics of the University of Durham and at 
the Cosmic Ray station operated by the Universities of Durham 
and Leeds, and Imperial College, at Haverah Park, i n Yorkshire. 
The author has shared with his colleagues the co l l e c t i o n 
of data, and has been responsible f o r the derivation of the 
momentum spectra, and for the development of EAS model 
calculationso 
Preliminary reports on some aspects of the experimental 
results have been published! Earnshaw et a l . (1967, 1968a, 
1968b), Qrford and Turver (1968), and Orford et alo (1968). 
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Chapter X 
Introduction. 
1.1 General. 
Primary cosmic rays consist of atomic nuclei (about 90% protons, 
lCftoc-particles and a small f r a c t i o n of heavier n u c l e i ) , possessing 
energies from less than a GeV to about 1010GeV, low energy electrons, 
and X-rays. Particulate cosmic rays interact with the interplanetary 
and t e r r e s t r i a l magnetic f i e l d s , and with the solar wind, and the 
study of t h e i r time, energy and spaeial d i s t r i b u t i o n s , using sate-
l l i t e s and high-altitude balloons, has provided much information on 
the d i s t r i b u t i o n ef matter and f i e l d s i n the solar system. The close 
correlation i n time between the bursts of cosmic ray a c t i v i t y and the 
occurrence of solar f l a r e s demonstrates that the sun i s a source of 
cosmic rays. A l l cosmic rays do not, however, originate from the sun, 
as no known solar process can be responsible f o r t h e i r acceleration to 
energies exceeding about 10 GeV. The o r i g i n of the most energetic 
cosmic rays i s , as yet, unknown, but the majority are supposed to be 
produced and accelerated i n our galaxy. 
4 
At energies less than about 5x10 GeV, the nature ef primary 
cosmic rays and the properties of t h e i r interactions have been 
studied d i r e c t l y using nuclear emulsions flown i n high-altitude 
balloons. The fl u x of high energy cosmic rays i s extremely low (about 
9 
one p a r t i c l e of energy greater than 10 GeV per 3000 years per square 
metre) so that t h e i r direct observation i s v i r t u a l l y impossible. These 
p a r t i c l e s , however, interact i n the earth's atmosphere with a i r nuclei 
and a chain ef interactions ensues, which i s termed an extensive a i r 
shewer (EAS), The particles i n t h i s shewer, which are mostly electrons, 
are d i s t r i b u t e d symmetrically abeut the central region, the 'core 0 
ef the shewer, and meve through the atmosphere with p r a c t i c a l l y the 
same d i r e c t i o n as the primary cosmic ray, u n t i l at sea level up to 
about 10*° pa r t i c l e s may be observed ever an area of many square 
kilometres* This magnifying effect of the atmosphere, and the reten-
t i e n ef the dtrectieh sf the primary by the majority of the shewer 
p a r t i c l e s , enables ultra-high energy cosmic rays te be observed, and 
affords the p o s s i b i l i t y of locating t h e i r sources through a search 
f o r an anisetropy ef EAS a r r i v a l direction., 
The secondary p a r t i c l e s created i n EAS provide a r i c h source of 
knowledge abeut fundamental p a r t i c l e s and t h e i r interactions, and for 
the forseeable future they w i l l be the only source of particles ef 
3 
energies greater than about 10 GeV„ 
lo2 Muon Studieso 
The secondaries produced i n high energy nuclear interactions 
are thought to be mainly pions, with a small proportion of heavy 
mesons and strange p a r t i e l e s 0 The study ef cosmic ray muens may 
then make possible a knowledge of the parameters of the interactions 
i n which pions are produced, as a muon, unlike, other secondary 
p a r t i c l e s , i s r e l a t i v e l y unaffected by i t s passage through matter, 
sensibly retaining the i n i t i a l special d i r e c t i o n and energy of the 
parent pien. 
S o l i t a r y muens observed at sea level exiglnate I n showers of 
low energy which have been absorbed i n the atmosphere0 The many 
measurements which have been made on these muons have shewn that 
3 
the secondaries ef interactions of energies about 10 GeV are mainly 
pions, about 20$ being kaens„ At much higher energies, the muens 
observed at sea level are a component of EAS„ A knowledge of the 
properties ef the parent EAS makes i t possible t o investigate i n 
greater d e t a i l the mechanism of u l t r a h i g h energy interactions,, 
The possible answers to a number of questions, the nature ef the 
muen parents* the parameters ef an i n t e r a c t i o n , such as the m u l t i -
p l i c i t y of created p a r t i c l e s , and the nature ef the primary cesmic 
ray are contained i n the muens ef an EAS, and i t i s the purpose of 
t h i s and other muen studies to seek these answers. 
1»3 Previous EAS Muen Work. 
For many years i t has been known that about 5% of a l l charged 
particles i n an EAS are muens, and early experiments such as these 
ef Barrett et al.(l952) and Devzhenke et a l 0 ( l 9 5 7 ) established 
the approximate muen momentum and spacial distributions,, Contemporary 
theoretical EAS models, e.g. Oda (1957), had seme success i n explai-
ning these r e s u l t s , but showed the necessity f o r much mere detailed 
and extensive measurements.. 
The magnetic deflection technique was used by Bennett and 
Greisen (1961) to measure the integral momentum spectrum of muens 
of momenta less than 20 GeV/c far EAS core distances up to 450 m. 
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A small (acceptance volume 25 cm, ster.) air-gap magnetic spectre-
graph using G-M counters to delineate muen tracks was employed i n 
conjunction with a number of independently operated, well-spaced 
s c i n t i l l a t o r s . Coincidences were recorded between a single s c i n t i -
l l a t o r and the spectrograph, and hence the core distance and size 
of each EAS was not determined.. The large s t a t i s t i c a l errors on the 
spectra, and the lack of precise EAS measurements limited the use-
fulness of the results f o r comparison with theoretical predictions. 
The l a t e r a l d i s t r i b u t i o n s of muens fo r threshold energies of 
5 GeV and 10 GeV were obtained by Khrenov(l962) and f a r a 40 GeV 
threshold by Barnaveli (1964), with a knowledge of the core distance 
and size of each shower. The measurements were performed using the 
absorption technique, the former using G-M counters under a large 
(500m. diameter) G-M array, and the l a t t e r using s c i n t i l l a t o r s 
under a 40m. s c i n t i l l a t o r array. The absorption technique has the 
disadvantages that an individual muon's energy i s not known, and 
that f o r higher threshold energies, and consequently great thicknesses 
of absorber, the EAS core a r r i v a l d i r e c t i o n must be determined i n 
order that large systematic errors axe not introduced} i n neither 
case was t h i s determined. 
The results of previous EAS muen work do net overlap to any 
great extent, but where they do there i s agreement, except for the 
results of de Beer et al . ( l 9 6 2 ) . I n t h i s work measurements of the 
angular scattering of muons i n an absorber were used to produce 
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mementum spectra fer muen mementa up te 10 GeV/c and cere distances 
of 100m, and 30Qm, These spectra are much steeper than these ef 
Bennett and Greisen, and the musn densities given de net agree with 
these given by Khrenev, Ne explanation was offered by the authors 
for t h i s discrepancy. 
Ne consistent picture ef EAS muens emerges from the results of 
previous experiments, and such a picture i s necessary f e r the acqui-
s i t i o n of new knowledge on the mechanism ef ultra-high energy nuclear 
interactions and the nature of primary cosmic rays, 
1.4 The Present Work, 
The present study was i n i t i a t e d i n 1964 because ef the need for 
accurate measurements of the EAS muon momentum spectrum over a wide 
range of muon mementa, together with precise measurements of the 
characteristics of each EAS recorded. The large magnet spectrograph 
and EAS array to be described i n chapter 2 have provided measure-
ments ef the momentum spectrum of muons i n the ranges Kmusn momen-
tum < 100 GeV/c, 10<core distance < 700 metres, and 10 5<shower size 
g 
< 10 p a r t i c l e s . The f i r s t results of the experiment were published 
by Earnshaw et al, ( l 9 6 7 ) . 
-6-
Chapter 2 
The Haverah Park 'Solid' Iron Magnet Spectrograph. 
2 o l Intreductien a 
The Haverah Park spectrograph was constructed i n 1964 by 
Professor G.D.Rochester and Dr. K.E.Turver i n the centre of the 
Leeds University EAS array at Haverah Park, i n Yorkshire. I n 1965 
the small arrays to be described l a t e r were added. The det a i l s of 
the construction of the magnet and visual detectors have been pub-
lished (J.C.Earnshaw et.al.,1967), but the mere important d e t a i l s are 
given here. The EAS arrays at Haverah Park are b r i e f l y described and 
the characteristics of EAS which they measure axe given, together 
with the accuracy of measurement attainable. 
2.2 The Spectrographo 
2.2.1 The Maanet. 
The magnet, which i s ef the 'picture-frame' type developed by 
the Durham and Nottingham groups (O'Connor and Wolfendale 81960j 
Bennett and Nash,1960), consists of 46 iron plates ef t o t a l t h i c k -
2 
ness 60 cm., each ef area 4.9 m© and with a central hole ef area 
2 
0.22 m. About two sides of the toxoid so formed are wound c o i l s of 
14-guage copper wire through which i s passed a current of 13.9 A, 
^ area * 
giving 9,100 Ampere-turns. Over a horizontal ef 1.8 m. and a cross-
2 
section of 0.48 m. the applied f i e l d produces an induction ef 14.6 
+0.3 Kgauss with a saturation of 0.015 gauss/Ampere-turn. The accept-
ance volume ef the spectrograph f o r undeflected p a r t i c l e s i s l . l x 
4 2 
10 cm.ster. Side and f r o n t sections of the spectrograph are shewn 
i n figure 2 . 1 . The composition ef the iron i s i d e n t i c a l to that 
I l l 
Ul 
I d 
(A 
CM 
Ul 
8 
1 Si 8 9 
I d 
I d 
4 9 
9 
given by Bennett and Nash (1960). The v a r i a t i o n ef the magnetic 
induction ever the homogeneous f i e l d volume has been investigated 
by Walten (1966) using a calibrated flux-meter coupled to search 
c o i l s inserted between the iron plates, and has been found to be 
less than 3%» The effect ef time-dependent biases has been minimised 
during the operation of the spectrograph by reversing the dire c t i o n 
ef the magnetising f i e l d at regular i n t e r v a l s . 
2.2.2 The Visual Detectors. 
The tracks ef charged pa r t i c l e s are delineated i n the spectro-
graph by trays of neon flash-tubes, labelled Al,A39B3,and B l , the 
'momentum trays', and A2,B2, the 'direction trays' i n figure 2.1. 
Each ef the four momentum trays contains seven layers of tuhes ef 
length 200 cm., i n trays Al and B l , and 120 cm. i n trays A.3 and B3. 
The dire c t i o n trays contain two double layers of tubes of length 
200 cm., crossed at an angle ef 3.5°. The former have been used to 
measure the angular deflections of muons i n the magnet, projected 
in t o the plane p a r a l l e l to the front section ef the spectrograph, 
i . e . the measuring plane, and the l a t t e r to measure the incident 
angle d i s t r i b u t i o n of muons projected into the v e r t i c a l plane perp-
endicular to the measuring plane, and to ensure that only those 
muons which cross the region of uniform f i e l d i n the magnet are con-
sidered. 
The flash-tubes have a mean internal diameter of 1.6 em., a 
mean external diameter of 1.8 cm., and are f i l l e d w ith ' 98$ 
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i n d u s t r i a l ' neon te a pressure of 600 mm. Hg0 About 60% of the tubes 
are located i n accurately machined duralumin mountings and have been 
made p a r a l l e l to w i t h i n 0.006*, and t h e i r positions measured to an 
accuracy of 0.2 mm. r e l a t i v e to an a r b i t r a r y v e r t i c a l plane defined 
by plumb-lines, using an optical bench and a t r a v e l l i n g microscope. 
The remaining 40% of the tubes form the upper of the double layers 
and rest on the accurately positioned tubes. 
On the a r r i v a l of an EAS, a f i e l d of 4.6 KV/cm. i s applied to the 
tubes f o r a period ef 10 usee, aft e r a delay of 15 usee, i n order 
to avoid 'pick-up' by the electronics ef the EAS arrays. The internal 
flashing efficiency ef the tubes under these conditions i s very close 
te 100% (Walton, 1966), and the layer e f f i c i e n c y , a measure of the 
number ef tubes expected to flash on the track of a charged p a r t i c l e , 
i s 80%, Random tr i g g e r i n g of the spectrograph shows that the probabi-
l i t y of spurious flashing, due to natural r a d i e - a c t i v i t y , i s less than 
0.1%. The images of the flash-tube trays are brought together by a 
mirror system and are photographed on a single frame ef I I f o r d HPS 
f i l m using a Shackman 35 mm. automatic recording camera. 
2.3 The EAS Trigger 0 
2,3.1 General. 
The Haverah Park EAS complex i s situated at a mean a l t i t u d e of 
220 m. above sea l e v e l , corresponding to a v e r t i c a l atmospheric depth 
»2 o e 
ef 1016 gm.cnu , and at a l a t i t u d e 53 58.2* North, longitude 1 38.1* 
West. The detectors consist ef large tanks ef water of depth 120 cm. 
-9-
and area 2.25 trio, acting as c l i f f used-light Serenkev counters* These are 
viewed by single phetemultipliers, and t h e i r perfermance as p a r t i c l e 
detecters has been desoribed by Turver(l963)„ A plan ef the arrays i s 
shewn i n figure 2.2. The arrays at spaoings ef 50 m0 and 150 m0 frsm 
the central detector were constructed and have been eperated by members 
ef the Physics Department ef the University ef Durham, and the ether 
arrays by members ef the Physics Department ef the University ef Leeds. 
2.3.2 The 500 m. Array. 
7 
This array selects shewers ef size greater than 10 part i c l e s at a 
rate ef abeut 40 per day. I t comprises four stations situated at the 
centreid and corners ef an equilateral t r i a n g l e ef side 870 m0» each 
containing sixteen 5erenkev detecters of t e t a l area 34 m.( Wilson et 
al<>, 1964). The d i s t r i b u t i o n i n zenith angle ef a r r i v a l ef detected EAS 
i s much wider than f e r a G-M or s e i n t i l l a t e r array, due te the depth of 
the detecters,, The mean zenith angle ef the showers detected i s 40 , 
7 
at which angle the mean detected shower size i s 2x10 p a r t i c l e s 0 
2.3.3 The Small Arrays„ 
The small arrays at spacings ef 50 m, and 150 m„ are ef similar 
geometry te the 500 m. array; and each station contains two Cerenkov 
2 
detecters giving an area ef 4.5 m0 The arrays select shewers i n the 
5 7 
size range 10 te 10 part i c l e s and are eperated independently^ the 
tri g g e r rates being 400 and 100 showers per day respectively. 
THE HAVERAl l PARK E A S ARRAYS 
© 
o ° o 
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© o 
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2.3.4 The 2 Kilometre Array. 
The purpose of t h i s array i s to record extremely large showers of 
lO •* sizes up to about 10 p a r t i c l e s * The array consists of six Cerenkov 
2 
detectors, each comprising a 50 or 150 m. array, of area 54 m. situated 
nearly symmetrically around the central detector,. Preliminary results 
on showers detected by t h i s array have been given by R«AsEarnshaw et al„ 
(1968) which indicate that the col l e c t i n g area of the array may be as 
2 
large as 40 km. The expected rate ef detection of shewers of primary 
energy greater than l0*°GeV i s therefore about one per week© 
2.3.5 EAS Characteristics Measured,, 
The data en shewers t r i g g e r i n g the 500 me array are analysed by 
members ef the University ef Leeds, and the quantities obtained f o r 
each shower are made available to the universities collaborating i n 
the Haverah Park experiment. The following quantities,are determined 
f o r each shower: 
x* the distance of the core of the shower from the central 
detector, measured i n the plane of the shower f r o n t , 
obtained by the method of intersecting l o c i (Allan et al„ 
1960 and 1962), 
N* the conventional electronic size of the shower, 
X , Y J the cartesian co-ordinates, i n the plane of the ground, 
of the impact point of the shower cere, with the central 
detector as o r i g i n and g r i d north as the X - a x i s , 
- l i -
tis the exponent of the shower l a t e r a l structure function which 
gives the 'best' f i t to the observed densities, 
0i the angle of a r r i v a l i n zenith of the shower core, 
,(j>i the angle of a r r i v a l i n azimuth of the shower core, 
l/R: the curvature of the shower fr o n t at the central detector, 
t : the s i d e r i a l and solar times of a r r i v a l of the shower» 
A l l the quantities obtained for showers tr i g g e r i n g the 500 m. array 
are also obtained f o r the smaller showers selected 1 by the 50 and 150 m. 
arrays, with the exception of l/R, which cannot be measured because of 
the short base-lines s The quantities 6,0,and l/R are obtained from the 
relat i v e times of a r r i v a l of the shower front at the detectors* 
203«6 The Accuracy of EAS Measurements., 
Tennent (1967) has given the accuracy attainable f o r the quantities 
l i s t e d above. From a study ef a r t i f i c i a l showers generated by a computer 
program, i t i s concluded that the overall uncertainty i n the location of 
a shower core i s 30 metres, far nearly v e r t i c a l showers f a l l i n g w i t h i n 
the 500 m0 array,, The uncertainty i n core location f o r a l l showers i s 
less than 50 m0 
The size of a shewer i s obtained by integrating over the shower 
fr e n t the energy l e s t by the shower particles i n traversing 120 cme 
ef water, the depth ef the detectors, (Suri,1966)„ The l i m i t s »f integ-
r a t i o n are 100 m. te 1000 m» and t h i s quantity, which i s termed E^ OO* 
i s related v ia VJQQS the energy which the same shower would have depo-
sited had i t arrived v e r t i c a l l y , to the primary energy, by a comparison 
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ef the rate ef a r r i v a l ef showers with a given V^QQ with showers with 
a given primary energy* The accuracy ef determination ef E^QQ i s 
t y p i c a l l y , f o r near-vertical showers, 20# o 
The quantities ©,$,and l/R are determined from the re l a t i v e times 
of a r r i v a l of the shower front at each detector station and so the 
errors i n these r e f l e c t the errors i n time estimations The Tonus, 
errors i n 0 and 0, when © l i e s between 20° and 70 8 are given by Tennent 
as 4* f o r each angle. The r.m 0s 0 error i n l/R i s about 30$. 
The characteristics of showers selected by the small arrays are 
obtained by methods similar to those employed en the larger showers0 
The uncertainties i n cere distanee and 6 for the 50 and 150 m„ arrays 
are 10 m. and 20 ra0, and 30* and 10° respectively., 
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,Cfiapter 3 . 
The Momentum Spectrum of Muons i n EAS 
3.1 Selection of Data and Treatment. 
3.1. 1 General. 
The spectrograph has been operating continuously since A p r i l 
1965} during which time 19,500 hours of effective exposure have been 
obtainede The 500 metre array was operational during the whole of 
t h i s time, and the 150 metre and 50 metre arrays were operational 
for 1,700 and 2,400 hours respectively. The numbers of showers 
recorded i n each shower size range ares 
Array Size Range Showers Recorded 
5Cm. 10 5 - 10 6 14,100 
150m. 10 6 - 10 7 6,000 
500m. > 10 7 25»lOO 
3,1. 2 Reconstruction of Muon Trajectories-
The f i l m records are scanned i n Durham to select the frames 
containing possible muon tracks. The c r i t e r i o n f o r t h i s choice i s 
the existence of a charged p a r t i c l e track i n tray B3 of figure 2.1, 
the t r a y immediately below the magnet. The frames thus chosen are 
projected onto scale drawings of the spectrograph, and the d i s -
charged tubes are indicated. The reconstructed drawing of a 
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t y p i c a l frame containing an accepted muon tra j e c t o r y i s shown i n 
figure 3,1. The reconstructed spectrograph pictures are then 
scrutinised to confirm the existence of a muon track. An eight-
tenths scale model of the flash-tube trays i s used to obtain the 
best f i t muon tr a j e c t o r y to the discharged tubes, defined as that 
l i n e which traverses the maximum amount of path length i n the gas of 
discharged tubes and the minimum i n the gas of tubes which have not 
dischargede The spacial co-ordinates of the t r a j e c t o r y so f i t t e d 
are recorded and a computer programme i s employed to calculate the 
co-ordinates of the intersection point of the two halves of the track, 
and other track parameters needed to determine the acceptability of 
the track. 
A t y p i c a l picture containing a tr a j e c t o r y of an EAS muon i s 
confused by the presence of electron tracks, single discharged tubes 
due to materialising photons, and cascades produced i n the shielding 
lead layer above the spectrograph by electrons, photons and hadrons. 
The average frame contains about f i v e electron and muon tracks i n 
the flash-tube trays above the magnet and about three i n the trays 
below. Thus, precautions must be taken to ensure that uncorrelated 
half-tracks are not connected. For acceptance as a muon track, the 
following conditions must be s a t i s f i e d * 
(a) The half-tracks must intersect w i t h i n the constant-field 
volume of the magnet. 
F2<*3 T«iO 500 1 
N a . W p. A 8 I5> bS 
H - r. 
/ * 
Ji 310 e . as" Kl 22 23 
3351051 
215° .^ -».«• X -2271" A * - l . t l * 
Y + I05m 
R 
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(b) The upper half-track must be wi t h i n 20° of the projected 
direc t i o n of the normal to the shower front i n the spectrograph 
measuring plane, because of the p o s s i b i l i t y of unassociated cosmic 
ray muons a r r i v i n g during the sensitive time of the flash-tubes, 
and contaminating the EAS muon spectrum. 
(c) The number of tubes which have not discharged, but through 
which a t r a j e c t o r y passes, must be less than two. 
(d) The whole track must be completely w i t h i n the acceptance v o l -
ume of the spectrograph. 
(e) There must be no equally probable alternative half-tracks<> 
The biases possibly introduced by the application of these 
conditions are discussed i n section 3.4. 
A computer method of track analysis, similar to that used i n 
unassociated cosmic ray muon studies by Bull et al.(1962a) has been 
investigated by G<£. Maslin, (private communication), but i t i s found 
to be unsatisfactory f o r two reasons* 
( l ) The accuracy of the f i t obtained f o r a muon track i s c r i t i c a l l y 
dependent on the flash-tube e f f i c i e n c y ! i n p a r t i c u l a r to the exact 
form of the v a r i a t i o n of flashing p r o b a b i l i t y with the track length 
of a p a r t i c l e i n the gas of a tube. No satisfactory provision i s 
possible for the occasional apparent non-flashing of a tube due to 
scanning errors or photographic f a u l t s . (2) The occurrence of other 
tracks, and single tubes due to materialising photons and low energy 
electrons, i n a flash-tube tray occasionally causes the best f i t 
track to deviate markedly from the actual t r a j e c t o r y . 
-16-
These disadvantages do not, however, prevent the method being used 
on low momentum muonss 
3 o l o 3 Detailed Treatment of the Data 
For each muon which s a t i s f i e s a l l the c r i t e r i a for acceptance, 
the following parameters are recorded, together with the preperties 
of the accompanying EASi 
t t The G.M.T. time of arr i v a l 9 
*ty>* The projected muon a r r i v a l d i r e c t i o n i n the 
spectrograph measuring plane* 
£tyt The projected angular deflection of the muon. 
H: The di r e c t i o n of the f i e l d i n the magnet. 
C» The charge of the muon. 
Deflection spectra, or histograms inA^» can be constructed : 
from t h i s information, and these are the s t a r t i n g points for the 
procedure described l a t e r . The choice of AY intervals i s governed 
by the need to obtain the maximum information from the data. The 
intervals chosen contain approximately equal numbers of p a r t i c l e s , 
with the exception of the lowest deflection i n t e r v a l , which includes 
those p a r t i c l e s with deflections less than the r.m.s. measurement 
noise. For the spectrum at a core distance of 2 2 5 metres, the i n t e r -
vals are those of figure 3 . 2 . 
In order to construct l a t e r a l d i s t r i b u t i o n s , deflection spectra 
are obtained f o r a number of a r b i t r a r y intervals of EAS core distance. 
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From the d i s t r i b u t i o n of core distance} r , w i t h i n an in t e r v a l N ( r ) , 
the mean core distance r can be obtainedo However, since the density 
of muons varies w i t h i n an i n t e r v a l , a weighted mean distance must be 
used as follows* 
* e f f a / S ( r } . N ( r ) . r dr „ o 3 o l t l 
, % / S ( r ) . N ( r ) dr where S ( r ) i s the l a t e r a l d i s t r i b u t i o n of a l l muons. The values of 
T e f f 8 0 o b t a i n e d a r e v e r y close to *r, indicating that the inte r v a l s i n 
r are not too wide and that the v a r i a t i o n of muon density w i t h i n an 
in t e r v a l i s not important. 
3»2 Derivation of the Momentum Spectra 
3.2.1 General 
Both inductive and deductive methods of analysis have been employ-
ed previously to transform deflection d i s t r i b u t i o n s into momentum 
spectra. Walton (1966) describes a deductive method which enables a 
momentum spectrum to be obtained from a li m i t e d sample of data. The 
f i r s t results from the Haverah Park Spectrograph (J.C. Earnshaw et a l . , 
1967) were obtained by t h i s method. However, most work has been 
carried out using an inductive method, e.g. Hayman et a l . , ( l 9 6 2 ) , and 
since the mathematics of t h i s method are simpler, the application less 
laborious, and the size of the samples of muons are now s u f f i c i e n t l y 
large, i t i s used here. 
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3,2. 2 Derivation of a Momentum Spectrum from a Deflection 
D i s t r i b u t i o n . 
The procedure consists of converting an assumed momentum 
spectrum into an expected deflection d i s t r i b u t i o n i n the spectro-
graph, taking into account magnetic deflection, coulomb scattering, 
track location errors, energy loss of muons, the d i s t r i b u t i o n i n 
muon a r r i v a l d i r e c t i o n , and the acceptance of the spectrograph. 
The steps taken aret 
1) The deflections i n the magnet corresponding to a range of 
muon momenta and a r r i v a l directions are calculated, neglecting 
coulomb scattering, but including energy loss, 
2:) The acceptance p r o b a b i l i t y of muons, averaged over a l l 
momenta, from a given a r r i v a l d i r e c t i o n i s used to correct the 
number of events observed from t h i s d i r e c t i o n to obtain the true 
a r r i v a l d i r e c t i o n d i s t r i b u t i o n of muons incident on the spectro-
graph. 
3 ) For each (momentum) x ( a r r i v a l d i r e c t i o n ) i n t e r v a l c a l -
culated i n l ) , the deflection d i s t r i b u t i o n i s calculated, including 
the effects of coulomb scattering and track location errors. 
4) Each i n t e r v a l i n the deflection d i s t r i b u t i o n i s weighted 
according to the p r o b a b i l i t y of i t s acceptance with the given values 
of a r r i v a l d i r e c t i o n and angular de f l e c t i o n . 
5 ) The contributions to each deflection i n t e r v a l from each 
(momentum) x ( a r r i v a l d i r e c t i o n ) c e l l are weighted by the assumed 
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momentum spectrum, then summed to produce an expected deflection 
d i s t r i b u t i o n . The d e t a i l s of the derivation are now given. 
A function of i s defined* 
N 1 (^V) d ( A ^ ) = yj°S(p ) W (A^„p) d p d ( A ^ ) ...3.2.1 
where i s the expected i n t e n s i t y of the deflection d i s t r i b u t i o n at 
AV» S^ p ) dp i s a t r i a l momentum spectrum, and W(A^f, p ) i s the 
pr o b a b i l i t y that a muon of; momentum p i s deflected by an anglelated 
accepted. The observed deflection d i s t r i b u t i o n s are histograms, so 
for comparison the expected histograms of deflection are calculated. 
N( A Y i ) / / S( p ) W(A^, p ) dp d ( A ^ ) ..,3.2.2 
The weighting function, W, i s given by: 
W ( A>ft, p ) = / 4 o o /3o„A(A^,Vo ) *$H<k» Vo.A^, p) 
d( Vo ) d((f0) ...3.2.3 
where A i s the p r o b a b i l i t y that a muon deflected by an angle A^f w i l l 
be accepted at an a r r i v a l a n g l e ^ , B i s the d i s t r i b u t i o n i n $ Q f o r 
a l l muons, C i s the d i s t r i b u t i o n i n Yo * o r a ^ m u o n s » and Q i s the 
pro b a b i l i t y that a muon of momentum p , incident at an angle (~% 
w i l l be deflected by an angle A^and w i l l be accepted by the spectro-
graph. (ftQ i s the projected angle of a r r i v a l of a muon i n the v e r t -
i c a l plane perpendicular to the measuring plane. The de t a i l s of the 
spectrograph acceptance, coulomb scattering, magnetic deflection and 
measurement noise are given i n the next section, 3.2. 3. 
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Equation 3.2o 3 i s evaluated numerically to provide a large matrix 
of values of W. Obviously the a p p l i c a b i l i t y of these weightings to 
any p a r t i c u l a r momentum spectrum depends on the spectrum having 
functions A,B and C closely similar to those used i n deriving W« 
In the spectra reported i n t h i s thesis, the functions A,B and C are 
i n fact very sim i l a r , and so the same weightings are used fo r a l l 
spectra. 
In order to obtain the momentum spectrum which gives the de-
f l e c t i o n d i s t r i b u t i o n which best f i t s the observations, an a r b i t r a r y 
momentum spectrum i s taken as a st a r t i n g point, and using the comp-
arison between the observed and predicted d i s t r i b u t i o n s , the t r i a l 
spectrum i s modified thus* 
S j n ( p)dp = Z ^MMtytrtteUW^iWitoP ..•3.2.4 
where M(A'^) i s the observed deflection d i s t r i b u t i o n and N^Al/';) 
i s the d i s t r i b u t i o n predicted from the j * n attempted momentum spec-
trum S ( p )« The r e i t e r a t i o n i s computed u n t i l (S ~ S )/s i s 
J j+1 J J 
less than 1$. A t y p i c a l deflection d i s t r i b u t i o n , that at a core 
distance of 225m, i s shown compared with the best f i t predicted d i s -
t r i b u t i o n i n figure 3.2. 
This method i s similar to that described by Ward (1967), i n 
that the solution obtained i s inherently smooth, and the s t a t i s t i c a l 
errors must be treated c a r e f u l l y . The s t a t i s t i c a l errors are ob-
tained by fin d i n g the percentile points of the edge of each deflect-
ion i n t e r v a l I n the observed d i s t r i b u t i o n and inte r p o l a t i n g points 
from one standard deviation movements of the extremities. This 
procedure gives an approximation to the steepest and f l a t t e s t 
deflection d i s t r i b u t i o n s which could have produced the observed 
d i s t r i b u t i o n . Momentum spectra are f i t t e d to these i n the same way 
as to the observed d i s t r i b u t i o n . 
The above procedure i s repeated twice with d i f f e r e n t values of 
the function W(A^, p ) , corresponding to the s t a t i s t i c a l l i m i t s 
on the measurement noise d i s t r i b u t i o n standard deviation. This extra 
error i s interpreted as an error i n the momentum of a spectrum point» 
but i t has been transformed into an error i n the density i n figures 
3.6* 3.7 and 3.8. 
3.2. 3 Corrections f o r Instrumental Effects 
The simple theory of the motion of a charged p a r t i c l e i n a mag-
netic f i e l d gives a unique r e l a t i o n between the momentum of the par t -
i c l e , p , and i t s angular deflections^, namely: 
p a 300 x J H( l ) d l e o 9 3 ; o 2 . 5 
c . 
where H i s the magnetic f i e l d strength, 1 i s the distance traversed 
i n the f i e l d and C i s the v e l o c i t y of l i g h t . However, muons lose 
energy i n the material of the spectrograph, and to construct a mom-
entum spectrum, account must be taken of the effects of coulomb scat-
t e r i n g , instrumental acceptance, track location errors, and the muon 
a r r i v a l d i r e c t i o n , i n that t h i s affects the path length of a muon i n 
the magnetic f i e l d . 
- 2 2 = 
3 . 2 . 3 - 1 Magnetic Deflection 
A muon incident at an angle o n t n e magnet and emerging at an 
angle ^  , has a most probable momentum, neglecting the effects of 
coulomb scattering and track location errors o f t 
P = l . k . ( l + q 2 / k 2 ) 
o a o3 e 2 o 6 
exi cp^. (%- lK) . (co > TR+gMint , ) -Ccoi |b+§.« ln^)J 
where K i s the magnetic f i e l d strength, in(gauss x 3 0 0 : y , q i s the 
energy loss of the muon i n GeV per cm., and 1 i s the thickness of the 
magnet i n cm. (Rastin, 1964)., As the energy loss, q , i s a function 
of the muon momentum, equation 3 . 2 . 6 i s reiterated t o determine p . 
3 o 2 0 3 - 2 The Acceptance Function 
The effective area of the spectrograph presented to a muon i s a 
function of the projected a r r i v a l angle *^ K> i n the measuring plane, 
the angle of a r r i v a l (j>Q projected in t o the v e r t i c a l plane perpendic-
ular to the measuring plane, and the angular d e f l e c t i o n , A^ 1 0 This 
area has been evaluated using an one quarter scale drawing of the 
side and front spectrograph sections f o r a range of angles 
- 1 6 ° ^ A ^ 1 6 ° , - 3 0 ° 4 Y 0 < 3 0 ° , and -*K>°< & 4 4 0 ° , for intervals 
of 1 ° i n each. The acceptance function i s considered as two separ-
ate, independent functions, A ( \ f 0 , A>/0 and B ( ( ^ ) , the l a t t e r being 
a simple trigonometric function, independent of A ^ , of the form J 
B«f>0) = l-axtan«j> 0) . . . 3 . 2 . 7 
where a • 0 . 7 7 f o r / $ J ^ 3 1 ° and a - 0 . 8 9 f o r > 3 1 ? 
The analogue method of evaluating A(Yo »^^) does not take into 
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account the v a r i a t i o n i n apparent flash-tube brightness across a tray* 
which appears as a v a r i a t i o n i n flash-tube efficiency) and because of 
condition (C) i n the l i s t of acceptance conditions i n section 3,1, 2 
can cause a muon to be rejected* This apparent brightness v a r i a t i o n 
i s caused by the decrease i n l i g h t i n t e n s i t y with increasing angle of 
viewing, a well-known characteristic of flash-tubes. To evaluate 
t h i s e f f e c t ) a large number of frames have been drawn i n the normal 
way and the dependence of the average number of tubes flashed on a 
track on the l a t e r a l track position obtained,. I t i s found that there 
i s no effect for muons with small deflections) and that the number of 
muons with deflections of 16° i s underestimated by less than 0,5%. 
The t o t a l function M^o r ^ t y ) * B(-^Q) i s shown i n figure 3.3 
for£[^ = 0° and figure 3,4„ f (nifty = 16°, displayed i n polar co-
ordinates (& x B, $) for various values of the zenith angle of 
a r r i v a l 6, where <j>Q * t a n - 1 ( t a n 6 sin <f>) and tyo a tan~*(tan0 cos 4>), 
Small residual acceptance effects are minimised by the use of two 
similar magnet volumes) magnetised i n opposite directions) and by r e -
versing the direction of magnetisation of each p e r i o d i c a l l y , 
3,2, 3-3 Coulomb Scattering 
Muons are mult i p l y scattered i n the iron) so that the angular 
deflection of an emerging muon i s dis t r i b u t e d about the most probable 
deflection according to the d i s t r i b u t i o n given by Eyges (1948)) which 
i s approximately gsussian with a standard deviation C given bys 
FIGURE 3.3 
FIGURE 3.4 
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wheie p i s the momentum of the muon i n eV/C , E g i s a constant with 
the dimension of energy and has a value 21 x lO^eV, q i s the energy 
loss i n eV per radiation length and S i s the thickness of the scat-
t e r i n g material i n radiation lengthse I t i s assumed that muons are 
not angularly scattered i n the flash-tube trays, which i s v a l i d since 
the standard deviations of the scattering d i s t r i b u t i o n s i n the trays 
and the i r o n are i n the r a t i o l i 30. 
3„2. 3-4 Track Location Errors 
When a muon track, delineated by flash-tubes, i s f i t t e d , a ran-
dom error i s made i n the angle of the f i t , which i s d i s t r i b u t e d ran-
domly about the true tracks This error i s inherent i n the use of 
flash-tubes and has been examined by many authors, notably by Bull 
e t . a l . (1962b). 
The t r a j e c t o r i e s can be estimated using a track simulator, or by 
using a computer analysis to obtain the best f i t with a precise know-
ledge of the tube flashing p r o b a b i l i t y function,, The l a t t e r method 
has been examined and found to be unsuitable f o r use on EAS muonso 
The track simulator method has therefore been used, although i t i s 
r e l a t i v e l y slow and laborious* Four quantities have been measured to 
investigate the form of the error functions 
1* The l a t e r a l separation of the intersection points of the two 
halves of a track with the mid plane of the magnet, A ijm e 
2» The deflections of the muons which have traversed to the 
central hole of the magneto 
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3 e The deflections of the muons observed during a preliminary 
zero- f i e l d run 0 
4. The deflection d i s t r i b u t i o n from a repeated simulation over a 
period of time of a number of tracksa 
Method 1 has been used by Walton (1966) to estimate the r„nus 
measurement noise which i s found t o be 0049° f o r muons with d e f l e c t -
ions less than 1° 0 The quantityZSijnis related to the measurement 
noise because at the highest momenta, muon t r a j e c t o r i e s should be 
p r a c t i c a l l y straight lines through the spectrograph The measuring 
errors on each half-track d i s t o r t these to produce a separation of 
the half-trackse The figure obtained f o r the r<.meSo noise, 0,49°, 
contains the effects of the coulomb scattering of the lower momentum 
—2 
muonso I f a momentum spectrum of the form S(p) dpot p dp i s ass-
umed, and the r 0 i r u s 0 coulomb scattering angle, evaluated from 
equation 3 02 08 9 i s taken as CS (p) = 6/p, then the average r»m 0s 0 
scattering angle, coulomb plus measuring noise, i s given by* 
cr = 0.49° i s found to be ffA • O033 °„ 
The d i s t r i b u t i o n i n Aym indicates that the d i s t r i b u t i o n of measure-
ment noise approximates to a gaussian 0 
I n method 2, muons which have traversed the central hole of 
the magnet are used to estimate On o Such muons are expected to be 
undeflected, so that the deflection d i s t r i b u t i o n obtained should be 
G 3.2*9 
<5* 
/ P"2 dP 
17 
This can be solved f o r the r<,m0So measurement noise which for 
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the measurement noise d i s t r i b u t i o n . The d i s t r i b u t i o n i s found to be 
closely gaussian with a standard deviation &t\ = 0.32 — 0.03 . 
Before the magnetic f i e l d was switched on at the commencement of 
the experiment a run was made to measure the scattering angle d i s t r i b -
u t i o n , using the unassociated cosmic ray muon beam. The measured 
deflection d i s t r i b u t i o n includes the coulomb scattering of the muons, 
and after unfolding t h i s , i n a similar manner to that of method 1, i t 
i s found that CTn - 0.35 - 0.08°. 
These three methods do not give an estimate ef the standard dev-
i a t i o n of the measurement noise d i s t r i b u t i o n under the same condit-
ions that apply during the routine measurement of muon t r a j e c t o r i e s . 
Repeated simulation of a number of muon tracks of a l l deflections 
inserted into the measurement routine should provide t h i s estimation. 
Since, however, the simulation may be subjective, the tracks are i n -
serted i n t o the routine over a period of time, without the knowledge 
of the operator. The noise d i s t r i b u t i o n obtained for half-tracks i n 
t h i s way i s found to be closely gaussian, with an equivalent overall 
track location error of Ofo • 0.25° — 0.03° 
In conclusion, consideration of a l l the results on the noise 
d i s t r i b u t i o n indicates that t h i s d i s t r i b u t i o n i s normal with a stand-
ard deviation of 0.3 — 0.03°. 
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3 03 The Momentum Spectrum of EAS Muons. 
3.3. 1 Normalisation Measurements,, 
Deflection spectra are obtained f o r intervals of EAS core d i s -
tance from lCm. to 80Qiw, and are f i t t e d by d i f f e r e n t i a l , unnormal-
ised momentum spectra,, These are then normalised so that the den-
s i t y of muons of momenta not less than 1 GeV/c f o r a given distance 
i n t e r v a l i s that given by the 1 GeV/c l a t e r a l d i s t r i b u t i o n . This 
d i s t r i b u t i o n has been measured by Earnshaw (1968c), using the i r o n 
of the Haverah Park Spectrograph as an absorber, and i s reproduced 
i n figure 3 „ 5 o Since the range of distances covered by the d i s t r i b -
5 
ution involves measurement of muon densities i n showers of size 10 
g 
to 10 p a r t i c l e s * the dependence of the number of muons i n a shower 
on shower size must be known. Although t h i s dependence has been 
investigated by many workers, e.g. Bennett and Greisen (1961), Allan 
et a l . (1968), the measurement of Earnshaw (1968c) has been usedp 
because the same equipment was used as i n the spectrum measurements, 
that i s at a distance of 300 metres, ^ lGeV/c, 30Qn.)<X N e ° o 7 5 . 
The assumption i s made that the shape of the muon l a t e r a l d i s t r i b u t -
ion does not depend strongly on shower size. Since i t i s d i f f i c u l t 
to obtain measurements over a l l l a t e r a l distances i n a shower of a 
given size, the assumption may be u n j u s t i f i a b l e i f , f o r example, the 
composition of primary cosmic rays varies with energy. Such a var-
i a t i o n would be expected to produce a v a r i a t i o n i n the shape and the 
absolute normalisation of the muon l a t e r a l d i s t r i b u t i o n . This point 
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w i l l be discussed f u r t h e r , i n connection with the theoretical pre= 
dictions of the l a t e r a l d i s t r i b u t i o n of EAS muons, i n section 6 s 2 o 2 . 
3 . 3 . 2 The Variation of Momentum Spectrum with Core Distance 
The d i f f e r e n t i a l momentum spectra of muons i n a number of i n t e r -
vals of core distance are shown, normalised f o r a shower size of 
2 x 10 p a r t i c l e s and a zenith angle of 2 2 ° , i n figure 3 0 6 . Corres-
ponding integral spectra with an upper momentum l i m i t of 500 GeV/c 
are shown i n figure 3,7. These spectra refer to showers t r i g g e r i n g 
the SOQnetre !away, for which the shower size d i s t r i b u t i o n i s very 
7 
narrow, i . e . 1«0 to 3 o 0 x 10 p a r t i c l e s . Spectra at core distances of 
50m. and lOCm.from the smaller arrays are shown separately i n figure 
3 a 8 e To obtain l a t e r a l d i s t r i b u t i o n s f o r muons of various threshold 
momenta, these two spectra have been normalised using the r e l a t i o n 
0,75 
Njj oc N 0 and the resultant d i s t r i b u t i o n s are shown i n figure 3 „ 9 , 
the broken lines indicating the points obtained by scaling. To obtain 
the form of the l a t e r a l d i s t r i b u t i o n s for core distances smaller than 
50m., the 50m. spectrum has been resolved in t o spectra f o r core d i s -
tances down to l0m o The superimposition of these spectra to give one 
spectrum at 50 metres i s possible because of the slow change of shape 
of the spectrum with core distance f o r less than 100m. 
3.3. 3 Variation of Spectrum with other EAS Parameters. 
Only two EAS parameters, other than core distance, would be ex-
pected to cause a v a r i a t i o n i n the shape of the muon momentum spec-
trum, namely the shower size N , and the zenith angle of shower 
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a r r i v a l 6. The other quantities•» <j> the azimuth shower a r r i v a l angle, 
and X and Y the cartesian co-ordinates of the impact point of the 
shower core with the plane of the ground have been examined to d i s -
cover any systematic effect on the momentum spectrum, but no effect 
has been found. 
The shower size, N A, through i t s connection with the composition 
of primary cosmic rays, and zenith angle 6, through i t s v a r i a t i o n of 
the atmospheric depth might be expected to cause observable variations 
i n the shape of the momentum spectrum. To investigate the v a r i a t i o n , 
however, the muons must be sorted i n t o i n t e r v a l s of these parameters, 
adjusted to compensate f o r the correlated v a r i a t i o n i n core distance. 
No si g n i f i c a n t v a r i a t i o n i s found. A va r i a t i o n cannot be excluded, 
but i t could only be detected by a very much larger sample of data. 
One further EftS characteristic which i s measured by the Haverah 
Park 500 metre array i s R, the radius of curvature of the shower 
f r o n t . No v a r i a t i o n i n the shape of momentum spectrum i s found with 
t h i s parameter, which may be related to the average height of prod-
uction of muons, suggesting that the majority of the showers observed 
possess similar true shower f r o n t curvatures, the apparent differences 
i n curvature being caused by errors i n the timing of the a r r i v a l of 
the shower f r o n t at the detectors. 
3.3. 4 The Average Properties of EAS Muons. 
The average preperties' of EAS muons are those which, because 
of the r e l a t i v e s i m p l i c i t y of the apparatus required, have been 
-30= 
measured most often, and so can provide a rough check of the accuracy 
of the present measurements. 
3 03. 4 - 1 The Total Number of Muons i n a Shower. 
The t o t a l number of muons i n a shower i s obtained by evaluation 
of the i n t e g r a l : 
to 
Nu ( > p ) - j£ fpt ( r,£ p ) 2 n r dr ...3.3.1 
where ^ ju i s the l a t e r a l d i s t r i b u t i o n of muons of momenta not less than 
P. I n t h i s experiment, the l i m i t s of integration are taken to be 1 
metre to 1000 metres, the form of the l a t e r a l d i s t r i b u t i o n s for d i s -
tances outside the regions of measurement being obtained by extra-
polation. The errors incurred by t h i s extrapolation are expected to 
be small because of the lowweight of the product £u(r,^p) x 2 n s 
i n these regions. The value of Nu (^p) has been found using equa-
t i o n 3.3. 1 f o r a number of threshold momenta, and the data i s well 
f i t t e d by the Bennett and Greisen (1961) relations 
Nu (^ p ) = 1.9 x 1 0 5 x ( N ^ 1 0 6 ) ^ x ^ ° 3 ...3.3.2 
3.3. 4-2 The Total Momentum Carried by the Muon Component. 
The t o t a l momentum carried by muons i n an EAS i s obtained by 
evaluating! 
/
CO 
S T(p) dp ...3.3.3 
0 
where 3^p } i s the t o t a l d i f f e r e n t i a l momentum spectrum of EAS muons, 
which i s easily obtained from equation 3.3. 2» 
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ST ( p ) dp « 1.23 x 10 5 f J k . ] 0 ' 7 5 [_2_ 2 , 3 dp 
10° p*2 
ooo 3 0 3 c4 
Evaluation of equation 3 e3 e 3 w i t h i n the momentum l i m i t s 
0 to 500 GeV/c givest 
= 1.2 ,•0.6 "-0.5 x 10
7 GeV/c 
Since t h i s value i s not sensitive to the shape of the momentum spec-
trum f o r momenta greater than 100 GeV/c, t h i s region has been allowed 
for by extrapolation,, 
3.3. 4-3 The Mean Momentum of EAS Muons 
Since the shape of the momentum spectrum of EAS muons varies 
with core distance: there w i l l be a corresponding v a r i a t i o n of mean 
momentumo The v a r i a t i o n of t h i s mean momentum q ( r ) may be obtained 
from: 500 
where S(p » r ) i s the d i f f e r e n t i a l muon momentum spectrum at a core 
distance r . This equation cannot be evaluated exactly without a 
knowledge of the form of the momentum spectrum f o r momenta less than 
1 GeV/c. The shape of the spectrum i n t h i s region i s not knowns so 
.I 
the evaluation of equation 3«3. 5 has been made with a lower momen-
tum l i m i t of 1 GeV/c. The v a r i a t i o n of mean momentum with core 
distance i s shown i n figure 3 010 and i s f i t t e d well by a r e l a t i o n * 
q ( r ) = / S(p,r) . 
°,500 „, 
P dp 
/ ° S(p,r) dp 
0 
q ( r ) = 22' x exp(- 0.0037 x r ) 
with q i n GeV/c when r i s measured i n metrese 
ooo' 3 o3 06 
=32-
The mean momentum of a l l muons at a given distance may be obtained 
approximately by assuming that a constant f r a c t i o n of muons, in= 
dependent of core distance, possess momenta less than 1 GeV/c and a 
mean momentum of 0.5 GeV/c. The result i s not sensitive to t h i s l a s t 
figure as the momentum carried by these pa r t i c l e s i s negligible. The 
fr a c t i o n may be obtained from equation 3.30 2 and i s found to be 41$. 
An approximate form of q ( r ) may then be given as, 
q ( r , p>0 GeV/c) -• 15.6 x exp (-0.0037 x i ) ...3.3.7 
The mean momentum of a l l muons i n an EAS i s found to be 
p = 6.7^2^ G e V / c 
3«4 Investigation of Possible Sources of Bias 
I n order to derive the momentum spectra, approximations and 
assumptions have been occasionally made and i n the following sections 
the extent of any such biases i s examined. 
3.4. 1 Muon Interactions 
In the analysis of the spectra, i t i s assumed that muons lose 
energy i n t h e i r passage through i r o n , at a rate of 1.8 MeV gm. cm. 
// **>1 "2. f o r a muon momentum of 0.5 GeV/c, r i s i n g smoothly to 2e8MeV gas. era0 
f o r 100 GeV/c. However, there i s a f i n i t e p r o b a b i l i t y that a muon 
w i l l lose a considerable f r a c t i o n d f i t s energy i n one i n t e r a c t i o n . 
At the momenta w i t h i n the range of measurement of the spectrograph, 
the major energy loss mechanism i s c o l l i s i o n loss; other, f l u c t u a t -
"3 
ing, contributions being on average -~J 10 of the c o l l i s i o n loss 
at 1 GeV/c to ^  0 o3 at 100 GeV/c muon momenta0 Low energy muons 
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axe therefore correctly allowed f o r * and the effect on the observed 
density of 100 GeV/c muons, calculated from results obtained during 
the i n t e r p r e t a t i o n of muon-induced bursts i n chapter 5 S i s an under-
estimate of the density by^5%o 
3o4o 2 The L033 of Low Energy Muonsa 
The loss of low energy muons can, by normalisation, affect the 
density of muons of momentum 100 GeV/c. Low energy muons can be 
scattered l a t e r a l l y i n such a way that the half-tracks intersect out-
side the magnet) and be rejected (see section 3do 2)„ 
I t can be shown that the pr o b a b i l i t y , P, that a muon, after trav 
-2 
ersing x gnucm. of scattering material and possessing an r<>m03o scat 
tered angular deflection G^y, w i l l appear at y gnucm 2 0 l a t e r a l d i s -
placement with a projected angular deflection ©y i s given bys 
P(£iyi©y)dy d6y x 1 x expf -2 TT 
9y 2 3y.ey * 3yf 
X. X2 X3 , 
dGydy 3.4.1 
* e A-» y 
=34= 
In the presence of a magnetic f i e l d , the muon tr a j e c t o r y follows the 
arc of a c i r c l e , and a f u l l analysis reveals that the p r o b a b i l i t y 
that a low energy muon w i l l be wrongly rejected i s * 
P1 = / f P(x,y,6y)dy d 9y • / / p ( x s y 9 6 y ) d y d 0y • 
(x,y,6y) dy d Oy .oo3 04.2 
where A = x.ftan 9 y — tan (Av^ m/2 ) ) , and 
S = -x , tdn ( A f m / 2 ) 
Atym = angular deflection of a muon i n the absence of coulomb 
scattering. 
A a maximum deflection allowed by acceptance function,, 
The evaluation of equation 3.4. 2 shows that the density of 1 GeV/c 
muons i s underestimated by 1%„ 
3«4. 3 "Event* Selection. 
The selection of muons i s made at three stages) before drawing 
a frame from a f i l m record, before track simulation; and before 
f i n a l acceptance of a muon0 Each stage has been examined fo r sources 
of bias* A t y p i c a l f i l m , chosen at random, containing 450 spectro-
graph exposures has been scanned during the routine c o l l e c t i o n of 
data. The f i l m has subsequently been c a r e f u l l y drawn, frame by frame, 
to ascertain the scanning eff i c i e n c y . I t i s found* that about 1% of 
muons are lost during the I n i t i a l scanning. There i s no evidence, 
however, for a momentum bias i n those so l o s t . I n carrying out stage 
2 of the selection, care i s taken to select any event which could 
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contain an acceptable muon. Those drawings rejected have been f i l e d 
and have subsequently been rescanned, but no appreciable number of 
muons have been missede The f i n a l selection stage has been closely 
scrutinised f o r biase A l l accepted muons have been checked by three 
experimenters fox s t r i c t adherence to the selection conditions of 
section 3,1,2* About 5% of a l l muons passing the o r i g i n a l routine 
selection tests have been found l a t e r to be unacceptable, due largely 
to marginal acceptance and obscuration,, No momentum bias has therefore 
been found 0 
3^4. 4 EAS, Selection. 
I t has been suggested ( de Beer et alo,1966 ) that EftS arrays 
with few, well-spaced detectors w i l l have a bias towards selecting 
showers with l a t e r a l p a r t i c l e d i s t r i b u t i o n s f l a t t e r than average, 
because the muon l a t e r a l d i s t r i b u t i o n reported by Khrenov (1962); 
measured on a w e l l - f i l l e d Geiger counter array, i s steeper than the 
corresponding d i s t r i b u t i o n from the present experiment 0 The possib-
i l i t y of t h i s type of bias affecting the measurements of the muon 
energy spectra has been investigated by JXo Earnshaw ( private com-
munication ) , and he has shown that the average exponent of the shower 
p a r t i c l e l a t e r a l d i s t r i b u t i o n i s 3„13 f o r a l l showers and 3 004 f o r 
showers i n which a high energy muon i s observed i n the spectrographs 
The normal range of exponent from shower to shower, f o r showers with 
zenith angles less than 4C°9is 2 o0 to 4«C, hence the difference i s 
i n s i g n i f i c a n t . I t i s concluded that the showers containing high 
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energy muons are ty p i c a l of a l l showers tr i g g e r i n g the array, but i t 
i s d i f f i c u l t to relate the average exponent to that observed i n 
Geiger-counter arrays because of the d i f f e r e n t characteristics of the 
detectors* The r e l a t i v e steepness of Khrenov's l a t e r a l d i s t r i b u t i o n 
w i l l be discussed i n section 3.5. 
3»4a 5 Track Reconstruction 
Measurements of the random error inherent i n the analysis of 
tracks delineated by neon flash-tubes have already been described,. 
However, a source of bias not included i n the analysis could arise 
from the mechanics of track reconstruction,, The co-ordinates of the 
b e s t - f i t t r a j e c t o r y on the flash-tube simulator are obtained from the 
intersection points of the track with two ar b i t r a r y measuring planeso 
These co-ordinates are read to an accuracy corresponding to an angular 
in t e r v a l of approximately 0.08°, the size of which depends on the i n -
c l i n a t i o n of the track. This may cause a bias i n the deflection spec-
trum f o r very small deflections. 
To check t h i s e f f e c t , a computer programme produced 5000 a r t i f -
i c i a l tracks d i s t r i b u t e d with f l a t a n d A l ^ d i s t r i b u t i o n s . The ex-
pected number of tracks i n the lowest deflection int e r v a l i f the de-
fl e c t i o n s are not quantised i s 848. The number of tracks expected 
for quantised deflections i s 840. For larger deflections the effect 
i s smaller. I t i s concluded that there i s no appreciable momentum 
bias introduced by quantising angles. 
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3.4. 6 Obaeurat.lnn anri Contamination. 
Two further possible sources of error may arise from a) muons 
being obscured by electrons and other muons at small core distances 
and b) the contamination of a spectrum by unassociated cosmic ray 
muons. 
The number of cosmic ray muons incident on and accepted by the 
spectrograph per exposure i s t 
where T i s the sensitive l i f e t i m e of the flash-tubes, B i s the mom-
entum independent acceptance function and A the momentum dependent 
acceptance of the spectrograph. Evaluation of equation 3.4. 3 gives 
the p r o b a b i l i t y of a single muon's acceptance as 0.4$ per exposure. 
Approximately 3000 random triggers have been applied to the spectro-
graph and a frequency of 0.5$ observed. The prob a b i l i t y of contamin-
ation i s reduced considerably by the selection condition (b) i n sec-
o 
t i o n 3.1. 2, which demands that a muon be wi t h i n 20 of the projected 
di r e c t i o n of the normal to the shower plane at the spectrograph. The 
effect on a spectrum of the inclusion of less than 0,5% of unnassoc-
iated muons w i l l be negligible. As the cosmic ray muon spectrum i s 
steeper than the majority of the EAS muon spectra the only effect 
could be a marginal steepening. 
The effect on the muon momentum spectra at large core distances 
of obscuration of muon tracks i s also negligible. Total obscuration 
of a l l tracks i s not observed f o r core distances greater than lQn« 
3o ho 
Nu(p)dp = Rpx(p) x 2xio 4 x 7x / B(e)cos2ed@ /&(e 9p) cos 0 d© dp 
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At intermediate distances the acceptance condition (e) of section 
3»lo 2, i . e . that there must not be two (or more) equally probable 
alternative half-tracks,can cause a muon to be rejected. Low energy 
muons w i l l be affected most because the higher angle between incident 
and emergent half-tracks increases the pr o b a b i l i t y of a spurious 
intersection of uncorrelated half-tracks. The effect on the spectrum 
of t h i s bias i s small, the f r a c t i o n of muon tracks which cannot be 
estimated because of obscuration being less than 1$. 
3.4» 7 Systematic Instrumental Effects. 
A search has been made f o r systematic biases due t o : 
(a) Misalignment of flash-tube trays r e l a t i v e to the 
magnet. 
(b) Misalignment of flash-tube trays r e l a t i v e to each 
other. 
(c) Non-correspondence of flash-tube simulator and 
flash-tube trays. 
(d) Internal inconsistencies i n the flash-tube 
simulator. 
(e) Measurements of the flash-tubes used i n the 
computer programme processing the co-ordinates 
obtained from the track simulator. 
A l l but (e) were i n i t i a l l y measured at length and have since been 
checked by examining the symmetry of d i s t r i b u t i o n s i n projected 
muon a r r i v a l d irection and of the di s t r i b u t i o n s i n deflection. 
-39-
With the d i s t r i b u t i o n s obtained, an asymmetry of less than 0,03° i n 
angle could be detected. No such asymmetry i s found. The computer 
programme has been checked by comparing a sample deflection d i s t r i b -
u t i o n with that obtained by inser t i n g the co-ordinates of the mirror 
images of the same tracks i n the v e r t i c a l plane. No errors which 
would produce systematic biases have been found. 
3a4«. 8 The Unassociated Cosmic Rav Muon Spectrum. 
A f i n a l check of the whole procedure i s the measurement of the 
momentum spectrum of unassociated cosmic ray muons, which i s well 
known f o r momenta less than 100 GeV/c The Haverah Park Spectrograph 
has been triggered by a Geiger counter telescope, placed above the 
spectrograph, f o r a s u f f i c i e n t time t o collect a sample of muons of a 
similar size to the t y p i c a l sample f o r an EAS muon spectrum. The mom-
entum spectrum has been derived using the same procedure as described 
i n section 3.2., and i s shown, compared with that of Osborne et a l . 
(1964a) i n figure 3.11. There i s good agreement between the spectra 
and i t i s concluded therefore that the analysis provides' an accurate 
assessment of a muon momentum spectrum,at least f o r momenta up to 
50 GeV/c. 
3.4. 9 Conclusion. 
Since the overall e f f e c t - on the observed momentum spectra of the 
biases discussed i n the previous sections i s small compared with the 
s t a t i s t i c a l ersofs, no corrections have been made to the observed 
spectrao 
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3.5. Previous MeasurementSo 
3.5. 1 Detailed EAS Muon Spectra. 
Comprehensive, d i r e c t l y comparable, energy spectra or l a t e r a l 
d i s t r i b u t i o n s have been measured by only two groups, those at Moscow 
State University and Cornell University, The results of the Moscow 
group are shown i n figure 3.12, compared with the relevant l a t e r a l 
d i s t r i b u t i o n s from 3.8.(Khrenov,(1962, 1963). 
The results f i t the formula! 
O (N,r) = k.N*.r"? e x p ( - r 2 / r Q 2 ) ...3.5.1 
where k • 5.8x10 , n • 0.7- 0.1, oc • 0.85- 0.1, 
r e = 195+ 15 f o r Eu > 5 GeV. 
and H = 4.1X105> n = 0.7*0.1, « » 0,85+0,1, 
r , a 155+15 f o r Eu> 10 GeV. 
These results were obtained from an array with hodoscoped G - M det-
ectors under 20 and 40 metres water equivalent of earth, i n the centre 
of a G - M EAS array. For core distances greater than 10 metres, the 
zenith angle of a r r i v a l of each shower was not known, and so the 
average core distances and muon threshold energies were calculated on 
an assumed shower zenith angle v a r i a t i o n and a l a t e r a l d i s t r i b u t i o n 
which did not vary markedly with shower zenith angle. Data on the 
l a t e r a l d i s t r i b u t i o n s ware obtained d i r e c t l y f o r core distances less 
than 100m. The point given at 25Qn. was obtained by tri g g e r i n g the 
muon detectors by a six=fsld G - M array with a 25Cm spacing. The 
mean distance of showers tr i g g e r i n g t h i s array was found by calc-
u l a t i o n to be 25Qn. I n view of the uncertainties introduced by 
rrnrn 
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these assumptions, the agreement between the l a t e r a l d i s t r i b u t i o n s 
measured at Moscow and those at Haverah Park i s goodo 
The most comprehensive measurement of muon momentum spectra i n 
EAS i s that of Bennett and Grelsen (1-961), which i s based on measure^ 
ments of the 1 GeV/c l a t e r a l d i s t r i b u t i o n measured at Cornell Univer-
s i t y and by Clark et alo (1958), and the measurements of the int e g r a l 
momentum spectra of muons i n the range 1 to 20 GeV/c using an air= 
gap magnetic spectrographs The integral points of Bennett and Greisen 
axe shown i n fi g u r e 3»13, compared with the lines best f i t t i n g the 
data of the present experiment 0 Bennett and Greisen express t h e i r 
results i n the form of a r e l a t i o n giving the density of muons A j j i n 
a shewer of size N Q at a core distance r and a momentum threshold ps 
At large core distances and muon momenta9 t h i s d i s t r i b u t i o n i s app= 
xeciably f l a t t e r than that given by Khrenov, equation 3 o5 0 1„ 
Equation 3 a5 a 2 f i t s the present data well i n shape but the absolute 
i n t e n s i t y i s somewhat lower, a co e f f i c i e n t of 23 06 instead of 14 04 
being needed to obtain the f i t shown i n figure 3 013 0 This d i f f e r -
ence i n normalisation i s d i f f i c u l t to explain except I n terms of 
differences i n the mean shower sizes of the measurements,, 
The core distances given by Bennett and Greisen f o r t h e i r 
spectra were obtained i n a similar way to that used by Khrenov f o r 
14o4xr ( N 9 r , > p ) 
(l+r/320) 
where Y - 0„14 x r 0 037 
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his largest array. The location of the core was not determined f o r 
each shower, but the mean core distances were calculated f o r showers 
which triggered given configurations of detectors. The width of the 
pr o b a b i l i t y d i s t r i b u t i o n i n core distance for a set of detector co-
incidences i s very large i n t h i s case as a coincidence between only 
one s c i n t i l l a t o r and the spectrograph was demanded. A careful an-
alysis can s t i l l , however, produce accurate l a t e r a l d i s t r i b u t i o n s , 
given the precise form of the muon and electron l a t e r a l d i s t r i b u t i o n 
function* The shapes of the d i s t r i b u t i o n s used by these workers are 
now well established. 
A measurement of the muon l a t e r a l d i s t r i b u t i o n f o r a threshold 
energy of 40 GeV has been reported by Barnaveli (1964 and 1965) f o r 
a unique shower size and a small range of core distances. As can be 
seen i n figure 3.14 the agreement between the points given by 
Barnaveli and the corresponding l a t e r a l d i s t r i b u t i o n from the pres-
ent experiment i s good, except f o r the point at 80 metres. The EAS 
array used by Barnaveli had a diameter of 40 metres, so that the 
observed s l i g h t discrepancy could indicate a systematic error i n the 
positions of distant cores of about 3Qn. 
3.5. 2 Average Properties of EAS Muons. 
The average properties measured i n t h i s experiment are 
Q^, , the t o t a l momentum carried by muons i n a shower, Nu (>. p ) the 
t o t a l integral momentum spectrum of EAS muons, and p , the mean EAS 
muon momentum^ The results of other workers are shown, compared 
N-=2xlO 
E u >40GeV 
CM 
z 
H.R z O . I 
t BARN AVE LI (1964) 
0.75 Scaled as N 
I I 1 I i i i • • 
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LATERAL DISTANCED.) 
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Table 3.1 
Author Ne QT p Nu(> 0) r 
This experiment 2 x l 0 7 l ^ x l O 7 6 o 7-2.0 1.9*O.2xl0
6 1.3*0.1 
Bennett and 
Greisen (1961) 
— 9.0jc106 7.0 1.3xl0 6 1.29 
Greisen (1960) 9.0*106 5.4 1.7K106 1.37 
Khrenov (1962) 7.2xl0 6 5.0 1.45X106 1.40 
Chatterjee 
(1966) 
5x10 s 4'°-0.7 2.2xl0
6 1.5*0.1 
Barnaveli 
(1965) 
6X105 — — — 1.1*0.1 
Ne i s the meon shower size at which the measurements were 
performedo N.B. the data of Chatterjee et al.(l966) have been 
scaled as Nucx N@ ° o 7 S„ 
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with the results of the present experiment, i n table 3.1. They 
7 
are normalised to a shower size 2 x 10 , using the soaling law of 
0 75 
the author, or i f none i s given, Np oc N * . The exponent V 
i s the exponent of the t o t a l i ntegral momentum spectrum* 
Nu (>.p ) = Const, x j_2 \ 4 
\P + 2/ 
I t can be seen that there i s a good agreement between a l l the ex-
perimental r e s u l t s . The points from which they are derived are 
shownt compared with the points obtained i n the present experiment, 
i n figure 3.15. For future analysis i t w i l l be assumed that the 
t o t a l i ntegral momentum spectrum of EAS muons i s well represented 
by equation 3 03. 2t 
Nu ( > p) = 1.9 x 10 5 K / j f t 7 5 / 2jl°3 
i o 6 
z 
10* r 
_ l _ i i t i n t y y 
t This experiment N = 2 * I 0 7 
^ Chatterjee etal.( 1966) 
— Grcisen (1960) 
Bennett & Grelsen (l96l) 
X Barnavcli (1965) 
• Khrenov(l962) 
Allan et at. (1968) 
' 1 1 i 1 1 I . l — J 1 I R I II 
IO 
Pp'¥2 (GeV/c) 
IOO 
F I G U R E 3.15 
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Chapter 4 
Th« Charga Ratio of EAS Muona. 
4.1 Introduction 
A knowledge of the charge r a t i o of EAS muons i s important i f 
the properties of the muons observed are to be used to obtain i n -
formation on the nature of the unstable secondaries from ultra-high 
energy nuclear interactions. The existing experimental data on the 
nature of such secondaries has been obtained mainly from studies on 
j e t s , observed i n emulsions, and from cosmic ray muon measurements. 
A r a t i o of muon charges s i g n i f i c a n t l y d i f f e r e n t from unity has been 
established f o r the majority of unassociated cosmic ray muons. This 
has been interpreted by MacfCeown (1965) as evidence f o r a proportion 
of fcaons to pions of l s 5 , which i s similar to the results from acc-
elerator and j e t studies, e.g. Aly et al.(l960)„ Bennett and Greisen 
(1961) report that the charge r a t i o of a l l muons i n an a i r shower 
i s u + / u " = 0.97 + 0.07. This led the authors to suggest that 
pion production exceeds kaon production i n the developing nuclear 
cascade by at least an order of magnitude. I t may be expected, how-
ever, that the muons which have decayed from kaons produced i n the 
early interactions of the primary cosmic ray may exhibit a charge 
asymmetry at large core distances i n EAS. This follows from measur-
ements such as those of Lock (1964) which shows that heavy mesons 
created i n nucleon-nucleon c o l l i s i o n s may possess, on average t r a n -
sverse momenta exceeding those of pions. This, combined with a 
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kaon's greater i n s t a b i l i t y , would increase the proportion of muons 
originating from kaons at large core distances. 
The charge r a t i o w i l l be enhanced further by the effect of the 
positive charge on the primary cosmic ray. This enhancement w i l l be 
very small, except f o r those muons which originate from the pa r t i c l e s 
created i n the cosmic ray's f i r s t i n t e r a c t i o n . I f the primary energy, 
hence the m u l t i p l i c i t y , i s low, the effect w i l l be even more marked, 
but w i l l be somewhat offset by the smaller mean atomic weight of the 
primaries. 
4.2 The Analysis of the Data. 
Each muon observed i n the spectrograph i s ascribed a charge, and 
for muons with observed deflections greater than the r.m.s. track l o -
cation e r r o r , the true charge i s , to a high p r o b a b i l i t y , that observ-
ed. Muons with deflections smaller than or near to the rom.s. error 
can, however, appear with an apparently reversed charge. For the pur-
poses of t h i s study, t h i s e f f e c t i s i n i t i a l l y ignored, as an observed 
charge asymmetry can, w i t h i n the s t a t i s t i c a l e rrors, only be a lower 
l i m i t of the true value. Thus, muons with momenta such that the most 
probable deflections equal the r.m.s. measuring error have a probab-
i l i t y of 0.16 of appearing with reversed charges. I f the true 
charge r a t i o i s R (/ 1 ) , then the charge r a t i o which would be ob-
served f o r a large sample of data is8 
R1 = 0.84R » 0.16 4 2 i 
0.16R + 0.84 
which gives R*> 1 f o r R > 1, 
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The observed muons have been allocated to arbitrary regions of def-
l e c t i o n and core distance,and the data from the three EAS arrays, 
and hence three ranges of shower primary energy* have been treated 
separately. For the muons observed i n showers recorded by the 50m. 
array, i . e . primary energy~5xlO GeV»nocharge r a t i o s i g n i f i c a n t l y 
d i f f e r i n g from unity i s observed i n any region of deflection or 
core distance. The charge r a t i o of a l l observed muons i n t h i s 
range of shower primary energy i s 0,98 + 0,07, The observed numbers 
of positive and negative muons i n showers recorded by the 15Qn. and 
500m. arrays are shown i n figures 4.1 and 4,2 respectively. The mean 
true momentum of the muons i n each deflection i n t e r v a l has been de-
termined using the deductive spectrum analysis method for small sam-
ples due to Walton (1966) Q 
4.3 Int e r p r e t a t i o n of the Data. 
From the data given i n figures 4.1 and 4.2 i t can be shown that 
the overall charge r a t i o (u +/u~) i s close t o uni t y f o r showers of 
7 8 
primary energies 10 GeV and 2(10 GeV, being 1.04+ 0,1 and 
0,995 * 0.04 respectively. However» regions of momentum x distance 
exist where there appears to be a s i g n i f i c a n t asymmetry. Because 
the numbers of muons i n the regions of asymmetry i s small* a check 
has been made to ensure that the observed muons do not possess 
a r r i v a l angles with respect to the spectrograph, or with respect to 
the geomagnetic f i e l d , such that the acceptance p r o b a b i l i t i e s of 
positive and negative muons are d i f f e r e n t . 
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Figure 4.2 The charge r a t i o of EAS muons i n a 
7 
shower of mean size 2x10 , f o r 
inte r v a l s of core distance and muon 
momentum, Ji +/p. 
Overlay* Theoretical contours of constant 
charge r a t i o f o r varying core 
distance and muon momentum, based 
on the calculations described i n 
chapter 6 0 
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Assuming that tha observed asymmetry i s due to some muons decay-
ing from charge asymmetric kaons, a calculation has been performed, 
using the model described i n chapter 6, to predict the charge r a t i o 
of muons at large distance x momentum products* The proportion of 
muons i n each c e l l of the distance:. - momentum matrix of figure 4*2 
which are the decay products of secondaries produced i n the f i r s t 
i n teraction of the primary cosmic ray has been calculated* assuming 
that 25% of these secondaries are kaons, a l l of which are positive,, 
The results are presented i n figure 4.3 as contours of constant pro-
portion of the density of muons with a given momentum and core d i s -
tance whose parents were produced i n the f i r s t i n t e r a c t i o n * These 
have been interpreted as charge r a t i o contours which are shown on the 
overlay to figure 4*2* 
There are ne di r e c t observations of the charge r a t i o of kaons 
g 
created i n c o l l i s i o n s of t o t a l energy about 10 GeV, but in d i r e c t ev-
idence from the charge r a t i o of unassociated cosmic ray muons report-
ed by MacKeown (1965) suggests that about 50$ of the interaction sec-
ondaries may be kaons* which possess a charge r a t i o of K/K = 4's 
A kaon proportion nearer 25% i s more consistent w i t h the evidence 
supplied i n the reviews of Osborne et al.(1964b and 1964c), and that 
to obtain the maximum expected muon charge asymmetry with the given 
model assumptions, a l l kaons should be considered positive* Though 
the model i s li m i t e d i n that charge asymmetric kaon production i s 
allowed only i n the f i r s t i n t e r a c t i o n of the primary cosmic ray, 
r 10 i 
— 
c s 
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t h i s calculation should provide a guide to the most sensitive legions 
ef muen mementum and cere distance, 
A comparison ef figure 4.2 with the charge r a t i o l o c i on the 
overlay shews that i n these regions where a charge asymmetry i s ex-
pected, one i s observed* The charge r a t i o ef muens i n the distance 
x momentum products enclosed by the locus ef pVp" = 1.025 i s found 
to be \^/)T = 1.31+ 0.30. 
In conclusion, the charge r a t i o observed f o r the majority ef 
muens i n EAS d i f f e r s i n s i g n i f i c a n t l y from u n i t y , indicating that the 
great majority of muon parents are piens. There i s some evidence 
f o r the production of secondaries, probably kaons, with a large 
charge asymmetry i n interactions of extremely high primary energies, 
tut i t i s thought that u n t i l a much larger sample of muens has been 
accumulated, an accurate t o t a l assessment ef the nature ef the 
secondaries w i l l net be feasible. 
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Chapter 5 
An Interpretation of the Bursts Observed I n the Iran of the 
Spectrograph, 
5.1 Introduction, 
The Haverah Park spectrograph has been designed and run as a device 
fer measuring the momenta of EAS muens using t h e i r deflections i n a 
magnetic f i e l d . The iron of the magnet i s , however, ef s u f f i c i e n t 
thickness to enable a small, but s i g n i f i c a n t , proportion of the muens 
traversing the spectrograph te i n t e r a c t , producing bursts. Since bursts 
are produced p r e f e r e n t i a l l y by high energy muons, an attempt has been 
made to use the results from the bursts to check the muen momentum 
spectrum, 
5«2 The Observation ef Bursts, 
The i r o n of the Haverah Park spectrograph has a thickness ef 
-2 
480 gm,em, , corresponding te approximately 40 electromagnetic cascade 
lengths or approximately 5 nuclear i n t e r a c t i o n lengths. I t i s therefore 
to be expected that muens and high energy hadrens w i l l produce bursts 
which w i l l be observed i n the flash-tube trays under the magnet. An 
example ef such a burst i s shewn i n figure 5,1 
The information f e r the majority of bursts includes,» 
a) the characteristics of the parent EAS, 
b) the number of electrons i n the burst above a threshold 
energy of 25 MeV, 
c) the presence or absence ef a charged primary. 
The size of a burst i s calculated i n two ways. For small bursts, 
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a direct Gaunt i n the tray B l , the tray further frem the magnet, i s 
pessibleo Such a ceunt i s usually net possible i n the tray immedi-
ately belew the magnet, and i n any tray f o r large bursts. In t h i s case 
the burst size i s estimated by calculating the p a r t i c l e density requ-
ired te discharge the observed proportion of flash-tubes. I t i s assu-
med that the p a r t i c l e density i s distributed evenly ever the l a t e r a l 
extent ef the burst, and that the burst i s r a d i a l l y symmetric. The 
effect ef the f i r s t assumption w i l l be to cause a s l i g h t underestimate 
ef the burst size. No assumption can be made, however, about the 
radial d i s t r i b u t i o n of density w i t h i n the burst without a knowledge of 
the age parameter of the burst. Burst spectra are measured i n the 
burst size range 5 to 20, the lower l i m i t a r i s i n g from -ah a r b i t r a r y 
cut-off t e avoid obscuration loss, and the upper to the saturation of 
the flash-tube trays. 
5.3 The Calculation of Burst Spectra Due te Muons. 
Burst spectra have been often measured te obtain muon momentum 
spectra, f o r example by Borog et. el.(1967), Dmitriev and Khristiansen 
(1963), and Ashton and Coats (1966). In most cases, the burst size 
at maximum has been obtained, usually by employing several measuring 
layers. I n t h i s study only one measuring layer i s possible, so that 
bursts at a l l stages of development are observed. 
The expected size spectrum ef bursts produced by a muan of mom-
entum p i s obtained by evaluating the fallowing expressions 
• 5 2 -
fT pc 
*-{//>.< 
VO e 
S(N,p) dN dp = / / / P e ( E e , t , p ) ^ e ( E 9 , t l N ) dE e dt + 
T pc > 
/ / P (E , t , p ) X (E ,t,N) dE^ d t } dN dp 
y / g g g g g j 
o e ' o • » 5 o 3 « l 
where P i s the p r o b a b i l i t y of a muen of momentum p producing at a 
depth, t a photon or electron of energy E' or E respectively, which 
g • 
then i n i t i a t e s a cascade, and C ie the p r o b a b i l i t y that a photon or 
electron, eriginating from a depth t , possessing an energy of E^ or 
E , w i l l produce a burst, observable at a depth T, of size Ne The 
l i m i t s e and pc are the minimum and maximum permissible energies of 
photons or electrons produced by a muon of momentum p. No allowance 
i s made for the effe c t on the burst size of the magnetic f i e l d i n 
the i r o n , since similar calculations performed by Said(l966) and com-
pared with observations using the near-horizontal cosmic ray muon beam, 
show that the effect i s small 0 Where comparable, the results of the 
i 
analysis of Said and the present analysis are i n agreement 
The cross-sections used fo r electron and photon production by the 
processes of c o l l i s i o n , bremsstrahlung, and di r e c t electron pair 
production are taken from Rossi ( 1 9 5 2 ) . The v a l i d i t y of these cross-
sections has been checked by several authors, f o r example Barton 
( 1 9 6 6 ) , Barton et a l . ( 1 9 6 6 ) , and Chaudhuri and Sinha ( 1 9 6 4 ) f a r muen 
interactions of less than 6 0 0 GeV/o muon momentum0 The term P i s 
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ebtained from the following expressions* 
E_ 0,5 
(E e,t,p) = P 1(E e,p) + 2. / J P2(E,p,q) dq dE t a t ,5.3,2 
6 0 
and 
P (B ,t,p) = P-(En,p) 
g . g «j g 
0*0 5,3.3 
where P.»P« are the cress-sections far the production ef electrons by 
seetien f o r pheten preductien by bremsstrahlung. The parameter q repre-
sents the proportion ef energy carried by the electren ef the electren-
pesitren p a i n 
I t i s assumed that positrons and electrons preduce i d e n t i c a l bursts. 
As can be seen frem equations 5.3.2 and 5.3,3, i t i s alse assumed that 
the preductien p r o b a b i l i t i e s are independent ef depth. This i s v a l i d 
since the prob a b i l i t y of a high energy muen stopping or losing a large 
f r a c t i o n of i t s energy i n the magnet i s extremely small) so that the 
flux of muons i s independent of depth i n the magneto The effects ef the 
nuclear interaction of muons have been emitted, as these are not impor-
tant f o r muen energies less than about 1000 GeV, 
The term C i n equation 5,3,1 i s derived frem the theoretical cascade 
data of Ivanenko and Samusedov (1959). These have been compared, together 
with those ef Buja (1964), against experimental results by Babaev et 
c o l l i s i o n and direct electren pair production, and f~ i s the cxess-
q a 
E(e ) + E(e') 
Ik!LJ 5«3,4 
-54-
al« (1967), and i t has been feund that the theoretical data ef Ivan-
enko and Samusedov axe i n good agreement with the abservatiense These 
data, calculated f a r a capper target, have been redrawn f a r an Iran 
target, allowance being made f a r the lass af law energy electrens i n 
the flash-tube trays used f a r estimating the burst size« Since the 
campletian af t h i s wark, which has been publshed (Orferd and Turver, 
1968), new data have been calculated f a r a v a r i e t y af materials , 
including i r e n , and electren threshold energies, amengst which i s given 
data f a r a threshald energy af 25 MeV, the threshald af the f l a s h -
tube trays (Ivanenke and Samusadav, 1967). These agree clasely with these 
used i n the present analysis. 
The effect af paissanian fluetuatisns i n burst size has been 
included, as i t has been shewn by Babaev et al»(l967) that these f l u c -
tuations are v a l i d f e r a l l but very yeung cascades, f a r which the f l u c -
tuation d i s t r i b y t i e n ef Furry (1937) i s mare appropriate,, Since yaung 
cascades give anly a small cantributian ta the abserved burst spectra, 
peissenian fluctuations have been used throughout• 
The calculation of the burst spectra proceeds as fellowso The 
p r o b a b i l i t y that a burst ef size not less than N i s produced by a rauon 
ef momentum p i s evaluated from equatien 5<>3„1, which i s integrated 
numerically, and t h i s p r o b a b i l i t y i s shewn f e r several values of p i n 
figure 5«2« Because af the small p r o b a b i l i t y of a muen ef high momen-
tum stepping i n the i r e n , the burst production p r o b a b i l i t i e s change 
only slowly with depth, af t e r a thickness ef about 15 cascade lengths,, 
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This means that bursts with energies less than abeut 1000 GeV, produced 
with mere than 15 cascade lengths af absorber to penetrate befare ebser-
vatien, are not observed. The results shown i n figure 5.2 are then com-
parable with the calculations of Vernov e t . a l . (1967) and Vernev and 
Khristiansen (1968) for burst production by muens under great t h i c k -
nesses af absorber. 
The in t e g r a l frequency of bursts, of size greater than N, i s given 
by* 
where S'(p) dp i s the momentum spectrum ef muons responsible f e r pro-
ducing the burst spectrum Q. Equation 5.3.5 has been evaluated f e r the 
three muen momentum spectra, measured at core distances of 30, 100, and 
300 m«, which are near the average distances ef the shswdrs recorded by 
the three EAS arrays. The resulant theoretical spectra are compared with 
the observed spectra i n figure 5.3. 
5.4 The Comparison of Predicted and Observed Burst Spectra. 
The burst spectra observed i n shewers recorded by the 150 and 
500 m. arrays are consistent with the predicted spectra fo r cere d i s -
tances ef 100 and 300 m. respectively. The mean distances ef the observed 
bursts i n the two groups are 103 and 270 m. Also shown i n figure 5.3 
is the burst size spectrum expected from the t h e s r e t i c a l 300 m. muen 
momentum spectrum based on the calculations of de Beer et .al.(l966) 
(A.W.Wolfendale: private communication). 
Q(>N) = j j S'(p) eS(p,N) dN dp 0 0 0 5 o3 o5 
o N 
one 
UJ 
30m. 
UJ 
£ - 4 |OOm. 
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Ths observed burst size spectrum at a cere distance ef 30 m0 
i s seen te exceed considerably that expected from the 30 m0 muon 
momentum spectrum 0 The average distance ef the observed bursts i s 
less than 30 m., indeed i t i s approximately 23 m0» but since a 
proportion of the shower cores f e l l olsser than the minimum accur-
ately measurable distance, t h i s figure i s uncertain. I n t h i s region 
of the shower, i t i s expected that high energy hadrons w i l l be pre-
sent, and may contribute to the observed burst spectrum. An attempt 
was made to d i f f e r e n t i a t e between the two types ef burst, hadren 
and muon produced, but none other than random differences was found. 
About 5% of the bursts were observed to have no v i s i b l e charged 
primary,, but the p a r t i c l e density near to the shower core i s too 
high to enable t h i s burst characteristic to be used te d i f f e r e n -
t i a t e bursts. The form of the energy spectrum and l a t e r a l d i s t r i -
bution of hadrens i s not well known for distances greater than a 
few metres, se that a di r e c t comparison ef rates i s not possible. 
In a preliminary analysis ef the results (Orford and Turver, 
1968a), i t was found t h a t , using a very simple EAS model, the 
observed discrepancy could be explained by hadrons, i f the trans-
verse momentum d i s t r i b u t i o n of created pa r t i c l e s was as assumed by 
Earnshaw et.alo (1968b), and net Coeconi, Keester and Perkins 
(1961). The model on which the calculations were based was not, 
however, s u f f i c i e n t l y r e a l i s t i c te enable a fir m conclusion to be 
drawn$ the differences between the two transverse momentum d i s t r i -
butions have now been explained by Earnshaw (1968c) i n terms of 
- 5 7 -
nen-gaussian errors i n EAS measurementse 
To check that the bursts constituting the discrepancy are pro-
duced by hadrens, the excess burst size spectrum has been transformed 
to a hadron energy spectrum, using the Monte Carlo calculations of 
Ranft ( 1 9 6 4 ) , and compared with the only available data on EAS 
hadrens i n the same energy intervals The calculations of Ranft give 
the number of charged pions i n a nuclear cascade i n i t i a t e d by pro-
tens of energies between 1 0 and 1 0 0 0 GeV under various thicknesses 
of steela From these data has been inferred the neutral pien energy 
spectrum as a function of production depth5 t h i s has been transformed 
to an electron burst size using the data of Ivanenke and Samusodov 
( 1 9 5 9 ) , assuming that a neutral pien decays immediately in t o two 
photons of equal energy 0 The t o t a l size of a burst, pienic plus 
electronic, has been used to produce a hadron energy spectrum,, I t 
has been assumed also that pions and protons of energies near 1 0 0 
- 2 
GeV produce i d e n t i c a l bursts under 4 8 0 gm0cm. of s t e e l 0 
The resultant energy spectrum i s shewn, compared with the data 
given by Greisen (196P), i n figure 5 o 4 „ The observed spectrum agrees 
w i t h the spectrum obtained by extrapolating Greisen's data to a core 
distance of 1 2 mQ This figure i s consistent with the expected mean 
distance of the EAS containing the excess bursts. I t i s most pro-
bable, therefore, that the observed discrepancy i s due to the obser-
vation of bursts i n i t i a t e d by high energy hadrons near the shower 
core 0 
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5.5 Conclusions. 
I t i s shewn that the measurements ef bursts observed i n the 
i r e n ef the Haverah Park spectrograph substantiate the dire c t 
measurements on the EAS muon spectrag i n p a r t i c u l a r , there i s good 
agreement between the d i r e c t l y measured and inferred spectra at core 
distances ef 100 m0 and 300 me The discrepancy between the observed 
and predicted burst spectrum near to the shower cere i s explained 
as bursts i n i t i a t e d by high energy hadrons. 
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•ShapW 6 . 
In,t«rprejta,tlon, of Experimental Results and Conclusions p, 
6.1 Introduction. 
The purpose of t h i s thesis i s twofoldt to measure the l a t e r a l 
and momentum d i s t r i b u t i o n s of muons i n EAS and to i n f e r , from a com-
parison of the results with model predictions, values f o r the param-
eters specifying the high energy interactions producing the muons• 
parents) and secondly to establish the connection, i f any, between 
the form of the l a t e r a l and momentum d i s t r i b u t i o n s and the nature of 
primary cosmic ray3. To achieve these aims a model, or models, of 
EAS development must be employed, incorporating the best available 
knowledge en the mechanism of p a r t i c l e interactions, and which can 
make use of a l l the evidence provided by the experiment. A b r i e f r e -
view i s therefore given i n t h i s section of the present state of know-
ledge of those parameters of high energy interactions and of primary 
cosmic rays- which w i l l be seen l a t e r to influence the in t e r p r e t a t i o n 
of the EAS muon data© 
6.1. 1 High Energy Interactions. 
Since the discovery of multiple production of mesons i n energet-
i c c o l l i s i o n s , many phenomenalogical models have been proposed to 
account f o r the observations, f o r example those of Landau (1953)> 
Heisenberg (1952), Kraiushaar and Marks (1954) and Pal and Peters(l964). 
A l l have success i n explaining at least some of the c o l l i s i o n par-
ameters. Five of these parameters are of importance i n t h i s anal-
ysisJ the mean m u l t i p l i c i t y of secondary mesons (N ) , the energy 
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spectrum ( ^  ) , the f r a c t i o n of the primary energy of the c o l l i s i o n 
appearing as mesons (K )> the d i s t r i b u t i o n i n transverse momentum 
( g f P l l ) and the i n e l a s t i c i n t e r a c t i o n cross-sections f o r rr- p and 
p-p c o l l i s i o n s . 
6.1. l - l The M u l t i p l i c i t y Law. 
Figure 6.1(a) summarises the results of experiments, mainly on 
j e t s , which give information on the v a r i a t i o n of the mean pion mult-
i p l i c i t y with c o l l i s i o n energy. Various m u l t i p l i c i t y laws have been 
previously quoted which are objective f i t s t o such observed points; 
but they depend strongly on the actual contents of a survey, f o r ex-
ample the logarithmic law of Malheltra (1966). 
There axe three forms-of the function N S(B) which have been-pro-
posed on semi-empirical grounds* 
1) Yash Pal and Peters(1964), fox nucleon-nucleon c o l l i s i o n s 
(charged secondaries only). 
M = 4.64 • B°' 5 ...6.1.1 
8 4 
the two terms corresponding to the contributions from isobar 
and f i r e b a l l production. 
2) Fermi (1950), 
N 8 « acB 0' 2 5 ...6.1.2 
obtained by applying thermodynamical methods to a closed system 
of pions. 
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Sources of Points i n Figure 6 o l ( a ) 
1 . Malholtra ( 1 9 6 3 and 1 9 6 4 ) 
2 . Lai et a l . ( 1 9 6 3 ) 
3 . Hansen and Frett e r ( 1 9 6 0 ) 
4 . Koshiba et a l . ( 1 9 6 3 ) 
5 . Lohrmann e t a l . ( 1 9 6 1 ) 
6 0 Dobrotin et a l . ( 1 9 6 2 ) 
7 . Abraham et a l . ( 1 9 6 7 ) 
8b Mceusker-and Peak ( 1 9 6 3 ) 
9 . JGEF ( 1 9 6 3 ) 
1 0 . Malholtra et a l . ( 1 9 6 6 ) 
1 1 . Fowler ( 1 9 6 4 ) 
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3) Frautschi (1963), ...6.1.3 
N = 2 x ln(E) s 
which i s obtained by assuming that f i r e b a l l s are produced with 
numbers according to a logarithmic law and that each f i r e b a l l prod-
uces about 6 pionse 
A l l three laws agree f a i r l y w e l l w i t h each other up to an energy ef 
5 
about 10 GeV, and the experimental data of figure 6,1 i s i n s u f f i c -
ient to enable a choice to be made. The energies of primary cosmic 
rays extend to about 10** GeV, so any attempt to predict a i r shower 
parameters must necessitate a choice of law. 
Indirect evidence on the form of the m u l t i p l i c i t y law at high 
energies has been quoted by a number of authors,, Pinkau (1966), f o r 
example, has concluded from an in t e r p r e t a t i o n of the v a r i a t i o n of the 
height of the maximum of shower development with shower primary energy 
that a logarithmic law i s most probable f o r c o l l i s i o n energies up to 
10*° GeV, but the magnitude of the true errors does not preclude an 
0,5 
E ' v a r i a t i o n , A number of authors, f o r example Hayakawa and Ogita 
(1960), Bowler et a l . ( l 9 6 2 ) , Quseva at al,(1962) and Fowler and 
Perkins (1964) suggest that the mean energy of pions i n the centre of 
mass system of the interacting p a r t i c l e s may be independent of the 
energy radiated, at large primary energies: 
_* 
E ^ « a few GeV ,,.6.1.4 
This leads, as the energy released i s proportional to the Lorentz 
fa c t o r , Y c , of the C. — system t o * 
=63= 
N k { Vc k 2 ( / L + 1 ) 0 . 5 6 o l o 5 s • a o 
,0o5 i . e . a form N oc E ° „ I t should be noted that the points 
given i n figure 6.1 are plotted at the mean energies of samples of 
j e t s . As pointed out by Muszin (1966), the type of errors i n the 
energy estimates of the primary pa r t i c l e s of j e t s w i l l lead to an 
underestimate of m u l t i p l i c i t y f o r a given primary energy. Studies 9 
using an accelerator} on 25 GeV p —p c o l l i s i o n s by Kamal and Rao 
(1967) show that the normal energy estimating methods overestimate 
the primary energy estimates of events i n which the m u l t i p l i c i t y 
fluctuates downwards. Because the mean m u l t i p l i c i t y — energy fun-
c t i o n increases} the result of these effects w i l l be that the true 
m u l t i p l i c i t y law w i l l be somewhat steeper than i s usually taken. 
A tentative conclusion f o r the purposes of l a t e r analysis* i s 
that the m u l t i p l i c i t y law i s of the form Not E°° 2 5 up to Ercl04GeV 
5 0 25 0 5 and then l i e s between N oc E ° and N oc E ° thereafter. 
s s 
6 0 1 . 1-2 Transverse Momentum. 
The experimental d i f f i c u l t i e s i n measuring the d i s t r i b u t i o n 
i n transverse momentum of secondaries from very high energy c o l l -
isions render the results even less conclusive than those of the 
m u l t i p l i c i t y law. I t i s well established at low energies that the 
average transverse momentum ^ p j j ) 0«3 GeV/c. Although there 
are suggestions from studies of multiple cored EAS, e.g. McCusker 
et a l . ( l 9 6 8 ) , that at an energy 'V 10 GeV transverse momenta of a 
few GeV/c are not uncommon, more direc t evidence for energies less 
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than lO^GeV suggests that the average transverse momentum i s con-
stant, or varies slowly with energy, at a value near that measured at 
very low energies. Figure 6.1(b), which i s based on the results of 
Kazun* (1967), shows the mean transverse momenta of secondaries 
measured i n interactions with primary energies up to r%/ 10 GeV. 
Various analytical forms f o r the d i s t r i b u t i o n i n transverse 
momentum p x have been given, f o r example! 
g( p^ ) dPj_ = £iexp(-Ri/p,) dp.i_ ...6.1.6 
due to Cocconi, Koester and Perkins (1961) where 
2»P, =<P4> 
g( pj. ) d P j < = p? exp(-pVp ) dp^  ...6.1.7 
2»PJ e r x 
due to N i k o l s k i i (1963), 3.p = <pj> 
g( Px ) dpj. = 2 * i e x p ( - p £ / p ) dp.,. 0..6.1.8 
pe 8 
o 
due to Aly et a l . (1964), p^ • ^ ^ n ^ 
The d i s t r i b u t i o n s obtained by the examination of j e t s are affected by 
the method used to estimate the j e t primary energy, and according to 
Lohrmann (1963) i t i s u n l i k e l y t h a t , with the precision necessary, 
direct j e t measurements w i l l be able to provide a unique d i s t r i b u t i o n . 
Lock(1964) has estimated the mean transverse momenta of second-
aries other than pions created i n 25 GeV p-p c o l l i s i o n s and a f i t 
to the data produces an expression f o r the dependence of < pi')- on 
M, the mass of the secondary: 
=65-
< P > a °»3 +- 0.2 x M ..66.1.9 
with <p^> i n GeV/c when M i s i n GeV/c • Although there i s no 
supporting evidence, i t i s possible that at much higher primary 
energies, secondaries heavier than pions w i l l be created possessing 
correspondingly higher transverse momenta* 
6.1. 1-3 I n e l a s t i c i t y . 
In most j e t studies, N and <Pj^ are, to a f i r s t approx-
s 
imation, d i r e c t l y measured} the inelasticity,however,is determined 
by comparing estimates of the primary nueleon energy, usually from 
the median angles of the secondaries by a method similar to those 
of Castagnoli et ,.al.(l953) or Yajima and Hasegawa (1965), with an 
estimate ef the t o t a l energy removed from the in t e r a c t i o n by sec-
ondaries* This procedure introduces large systematic, and random, 
errors. Imaeda (1962) has reported a v a r i a t i o n of the t o t a l i n -
e l a s t i c i t y Kjp with primary nucleon energy E^s 
if of E " ° a 5 
"T 0 1 o ...6.1.10 
However, the analysis of Murzin, mentioned above, suggests that t h i s 
apparent v a r i a t i o n can be explained i f the errors i n energy measure-
ments are f u l l y taken in t o account. The studies of Abraham e t . a l . 
(1967), Gierula and Krzywdzinski (1968), and Yameda and Koshiba(l968) 
suggest that Kj i s independent of energy and l i e s i n the range 0.3 to 
0.6. The value of ^Kj./ =• 0.5 used by many authors to obtain i n -
formation on other c o l l i s i o n parameters i s probably the best estimate 
ef the t o t a l i n e l a s t i c i t y . The f r a c t i o n of the primary energy of an 
-66-
interaction which appears as pions, K.t_ , i s usually taken to be 
^ 0,35. The i n e l a s t i c i t y of TV — N interactions i s usually taken to 
be 1.0, since there are great experimental d i f f i c u l t i e s i n separating 
a primary pion from the secondary pions created i n a c o l l i s i o n . 
There has been a recent suggestion, reported by de Beer at ..al*( 1968a), 
that the "IT — N i n e l a s t i c i t y i s nearer 0,5. There i s tif published 
supporting evidence, however, and the value of 1.0 i s more probable* 
and supported by measurements of the attenuation length of the EAS 
hadron components 
6«1. 1-4 Interaction lengths. 
At very high energies, the cross-section for i n e l a s t i c c o l l i s i o n s 
i s thought to approach the geometric value asymptotically. The only 
sources of measurements at extremely high energies are provided by 
observations of the attenuation of EAS hadrons i n the atmosphere, and 
the v a r i a t i o n of the a l t i t u d e of the shower maximum with primary en-
ergy. Obviously the uncertainties i n the i n e l a s t i c i t y of interactions 
preclude a uniquely determined cross-section or in t e r a c t i o n length, 
but analyses of experiments such as those performed by Tanahashi(l965) 
and Matana et a l . (1964) suggest that the in t e r a c t i o n length of 
less well known at these energies, but are usually taken as 
\ + _rt -2 . \ . _ + -2 Aft. = i z u — 20gmoCm ana A.^. = iuu — zugm.cm • 
6.1. 1-5 Energy D i s t r i b u t i o n of Secondaries. 
The energy d i s t r i b u t i o n of secondaries created i n extremely 
80*10gm„ nucleons i n a i r A cm i n the energy range 
8 10 5 < E.< 10 GeV. The i n t e r a c t i o n lengths of other p a r t i c l e s are 
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high energy interactions cannot be d i r e c t l y obtained) but must be i n -
f e r s * ^ from the angular d i s t r i b u t i o n } making assumptions about the 
transverse momenta* Energy d i s t r i b u t i o n s so obtained are therefore 
uncertain at high and low secondary energies, but there are i n d i c a t -
ions from the work of many authors, f o r example Malheltra(l966)» 
Aly et a l . ( l 9 6 4 ) , that the d i s t r i b u t i o n quoted byCocconi, Koester 
and Perkins (1961), the se-called CKP d i s t r i b u t i o n , i s v a l i d over a 
very wide range of c o l l i s i o n primary energies! 
F (E) dE = exp ( - E/T) dE ...6.1.11 
T 
where T i s the mean secondary energy* Same authors consider that t h i 
d i s t r i b u t i o n * when combined with a CKP d i s t r i b u t i o n i n transverse mom 
entum where { p j ^ i s independent of E, predicts too many secondaries 
with energies less than 1 GeV. . The evidence f o r or against t h i s i s 
however* inconclusive* 
6*1* 2 Primary Cosmic Rays. 
For many years i t has been accepted that the great majority of 
primary cosmic rays are protons* I t has also been established that 
nuclei as heavy as uranium (Fowler et al*1967) occur i n very small 
proportions at least at low primary energies 100 GeV« The charge 
composition i s taken to be constant over a wide range of primary en-
ergies and measurements such as those of Bray et al*(l966) support 
t h i s * The generally accepted composition i s that quoted by Ginzbuxg 
and Syrovatskii (1964). shown i n table 6*1. For energies above 
about GeV, the rate of primary cosmic rays i s too low (-'10 
-68-
Nucleus 
Proton 
Helium 
Light 
Medium 
Heavy 
Table 6.1 
Composition of Primary Cosmic Rays* 
3-5 
6-9 
10-20 25 
Very Heavy > 20 51 
1 % of f l u x 
1 93 
4 6,3 
0,14 
0,41 
0.10 
0.04 
10 
14 
-2 -1 -1 Flux,m. ster» sec < 
1300 
88 
lo9 
5.7 
lo37 
0.53 
(From Ginzburg and Syrovatskii. 1964) 
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-2 -1 -1 •> cm o sec e sterad • ) to enable a large sample to be obtained 
d i r e c t l y from balloon or s a t e l l i t e measurements0 Primary cosmic 
rays i n t h i s energy region produce extensive a i r showers and i t 
might be expected that certain properties of these showers w i l l r e -
f l e c t the nature of the primaries. No f i r m conclusion has yet been 
drawn on the composition i n the a i r shower region of primary energy, 
although the lines of attack on the problem have been numerous. For 
example, the proportion of muons i n a shower i s expected to increase 
with primary mass, and analyses by de Beer et al.(1968b and 1968c) 
have shown that the form of the v a r i a t i o n i s quite sensitive to the 
primary mass d i s t r i b u t i o n . Adcock et a l . (1968) have surveyed the 
experimental data and have shown that they axe iKtyetpie&ae. enough t e _ 
enable any conclusions at a l l to be drawn about the primary comp-
o s i t i o n . More in d i r e c t evidence i s supplied by the observation of a 
change i n slope of the. shower size spectrum at a size of about 
5x10 p a r t i c l e s , and from the v a r i a t i o n of the position of t h i s point 
with a l t i t u d e . Glencress (1963) suggests that since the shower size 
at the kink does not vary s i g n i f i c a n t l y with a l t i t u d e of measurement, 
the change i n slope i s p a r t l y or wholly caused by a change i n the 
characteristics of nuclear interactions at primary energies greater 
Tthan about 5 x 10* GeV. McCusker et al.(l968) conclude from studies 
of multiple-cored showers, the a i r shower density spectrum, and t h e i r 
i n t e r p r e t a t i o n ef an observed v a r i a t i o n i n the shower size of the 
6 7 
kink with a l t i t u d e that between the energies 2 x 10 GeV and 6 x 10 
GeV the primary cosmic ray beam loses f i r s t i t s protons and then 
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progressively heavier nuclei. This i s interpreted as the d i f f u s i o n 
from the galaxy of nuclei of a constant magnetic r i g i d i t y per nuc-
leon of about 2 x 10^ GV which i s expected by many authors. The 
g 
change of slope i n the shower size spectrum at a size of about 5x10 
p a r t i c l e s , reported by Linsley (1963), i s interpreted as an addition 
of extra-galactic protons to the prima®1/ f l u x . The size spectrum of 
EAS has been interpreted as a primary energy spectrum, which i s div-
ided i n t o three regions! 
a) N ( > E) = 10" 4 x ( 1 0 1 4 / E ) 1 0 6 sec.' 1 s t e r . " 1 
' f o r E < 2 x 1 0 1 5 eV. 
b) N ( > E) = U5 x 10° 1 0 x (10 1 7/E) 2° 2 m.""2 sec! 1 s t e r , " 1 
f o r 2 x 1 0 1 5 < E < 3 x 1 0 1 8 eV0 
c) N ( > E) = 3 x 10~ 1 6 x ( 1 0 2 0 / E ) 1 0 6 mo"2 sec." 1 s t e r . " 1 
f o r E > 3 x 1 0 1 8 eV. 
The question of the in t e r p r e t a t i o n of the primary cosmic ray 
energy spectrum i s s t i l l very much open, so that any information on 
the charge or mass composition of very high energy cosmic rays w i l l 
be of great value. 
j 
6.2. Predictions of Previous Models on EAS Muons. 
6.2. 1 General. 
In order to use the observations on EAS muons to obtain inform-
ation about the processes taking place at the b i r t h ©f an a i r showers 
calculations must be made on the development of EAS. Three mathemat-
i c a l approaches have been employed by a v a r i e t y of authors to predict 
the l a t e r a l d i s t r i b u t i o n of EAS muons5 i n some degree, the method 
used dictates the region of a p p l i c a b i l i t y . The purpose of t h i s sec-
t i o n i s to review the approaches and to compare the predictions of 
various models with the experimental data. 
6o2o 2 Previous Models. 
A. solution to the d i f f u s i o n equations describing the l a t e r a l 
and longitudinal development of the meson cascade i n an EAS core has 
been obtained by the method of successive generations by de Beer et 
a l . (1966), and by Oda(l957), Cewsik(l966) and Ueda and Ogita(l957) 
f o r the longitudinal development only. This method possesses the 
advantage that a short computation time i s possible, but a disadvan-
tage that without s u f f i c i e n t care i n the selection of the method of 
inte g r a t i o n , a cumulative error may be introduced. The Monte Carlo 
method has been applied by Bradt and Rappaport (1967) and McCusker 
e t a l . ( l 9 6 8 ) t o the l a t e r a l development of muons and hadrons i n small 
EAS, and by Lai (1967) t o the density ef extremely high energy muons 
i n small showers. Although t h i s method, as applied by these workers, 
delivers a r e l a t i v e l y exact solution, the computation time i s so long 
that the application i s l i m i t e d to use on high energy muons i n small 
showers, at least f o r short-term studies. No predictions have yet 
7 
been made f o r showers of primary energies exceeding about 10 GeV. 
The t h i r d method simulates the shower using i n t e r a c t i o n points of 
hadrons fixed i n the atmosphere as used f o r example by Hiiias(i966) 
and Holyoak(l967). Calculations based en t h i s model can provide 
1C? 
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useful general information about EAS ? i n applications where the sum 
of the effects of a number of fixe d point interactions approximates 
we l l to the integral over the whole shower development0 The method 
allows of extremely small computation time and consequently i s use-
f u l as a preliminary calculation t o determine the s e n s i t i v i t y of a 
predicted quantity t o a given parameter 
6 02e 3 Comparison ef Predictions with Experimental Data* 
Only two of the models mentioned above have been developed to 
provide detailed predictions of the muon l a t e r a l and momentum d i s -
t r i b u t i o n s i n those regions of shower primary energy* core distance 
and muen momentum comparable with those oovered by the experimental 
results presented here. The models are these of Hill a s ( l 9 6 6 ) and 
de Beer et a l . (1966 and 1968a). The calculations of de Beer e t . 
a l . provide predictions f o r comparison with most previous measure-
ments of muon l a t e r a l d i s t r i b u t i o n s . 
Figure 6.2 shows a comparison between some of these predictions, 
the corresponding predictions of H i l l a s ( l 9 6 6 ) , and experimental 
r e s u l t s . I t can be seen that the predictions of neither model f i t 
a l l the data. The l a t e r a l d i s t r i b u t i o n of muons ef momenta not 
less than 1 GeV/c i s f i t t e d well by the predictions of both models, 
except f o r cere distances less than 100 metres and greater than 
about 700 metres. The discrepancy f o r small core distances i s a t -
tr i b u t e d by de Besr et a i . t s the d i s t r i b u t i o n i n transverse mom-
entum used by them, the CKP d i s t r i b u t i o n , predicting too many sec-
ondaries w i t h small transverse momenta. The effects of coulomb 
scattering and geomagnetic deflection have not been included i n t h i s 
model, and neither have the effects of a possible v a r i a t i o n i n the 
shape of the l a t e r a l d i s t r i b u t i o n with primary energy. A l l these 
effects could contribute to the discrepancy, the l a t t e r because the 
observed l a t e r a l d i s t r i b u t i o n i s obtained from measurements i n show-
ers originating from a wide range of primary energies. 
The l a t e r a l d i s t r i b u t i o n s f o r higher muon threshold momenta are 
not w e l l f i t t e d by the predictions of either model. I n p a r t i c u l a r , 
there i s a marked discrepancy between the predicted and experimental 
density of high momentum muons at large core distances. The model of 
Hi l l a s predated the f i r s t results from the Haverah Park spectrograph 
( J.C. Eaxnshaw-et-al-o-1967)-and se no explanation i s offered. How-
ever, de Beer et a l . (1968a) i n t e r p r e t the discrepancy as due to 
either experimental bias er to the existence ef secondaries from 
high energy interactions possessing very large mean transverse mom-
enta, or as a combination of both. I t has also been suggested 
Davis and Davis( private communication) that the discrepancy may be 
interpreted as evidence f o r the existence of the expected.weak i n t e r -
action intermediary, the vector boson. 
Although the utmost care has been taken to exclude them, small 
biases may s t i l l remain undetected i n the experimental data, but the 
magnitude of the discrepancies, together with the f a i l u r e of the 
models s a t i s f a c t o r i l y to explain the muen l a t e r a l d i s t r i b u t i o n s of 
other workers, using models containing reasonable values of the 
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in t e r a c t i o n parameters, make i t improbable that experimental bias 
can be the sole cause. To examine t h i s f u r t h e r , a new model has 
been developed to attempt to provide an explanation f o r the apparent 
excess ef high momentum, large distance muons, using reasonable 
values f o r the c o l l i s i o n parameters. 
6.3 Predictions of a New Model. 
6.3. 1 General. 
The construction of a mathematical model that i s supposed to 
represent a physical process must take in t o account two c o n f l i c t i n g 
factorst on one hand i t must be s u f f i c i e n t l y r e a l i s t i c that a study 
of i t s properties enables useful information to be obtained on the 
physical problem; on the other, i t must be simple enough that i t i s 
amenable to mathematically stringent methods. 
Previous models have been examined to check t h e i r a p p l i c a b i l i t y 
i n the regions of high muon momenta and large core distances. Con-
sideration of the cause of the discrepancy between predictions and 
observation suggest that the muons constituting the apparent excess 
must originate from secondaries created i n the f i r s t few i n t e r a c t -
ions of the primary cosmic ray. This i s only the case i f the par-
ents of these muons originate from interactions i n which the values 
f o r parameters such as m u l t i p l i c i t y and transverse momentum are 
those expected from an extrapolation of the results of low energy 
studies. The treatment of t h i s part of the shower by previous 
model calculations was no more rigorous than that f o r any other 
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region. I t was therefore decided to treat the early stages of the 
cascade i n a mathematically rigorous manner. To ensure that any 
parameters used i n t h i s region to obtain an agreement between the 
predicted and observed density of high momentum muons do not d i s -
t o r t the energy balance of the rest ef the cascade, a simpler method 
has been adopted to calculate the rest of the shower development. 
The object of these calculations has been to predict the d i f f -
e r e n t i a l density of muons of momenta less than 100 GeV/c at core 
distances between 100 metres and 600 metres i n showers of primary 
energy 2 x 10 GeV. The results have been published (Qrfexd &Turver,1968). 
6.3. 2 Description of the Model. 
The l a t e r a l and longitudinal development of the meson cascade 
has been treated by the method of successive c o l l i s i o n s , similar to 
that used by Bhabha and H e i t l e r (1937) t o investigate electromagnet-
i c cascades. Although i t i s one of the most laborious of the numer-
i c a l methods, the accuracy conferred on the predictions by the r e l -
ative lack of approximations needed makes i t ideal f o r t h i s type of 
study. Unfortunately, the number and complexity of the arithmetic-
al operations increases sharply with the number of c o l l i s i o n s con-
sidered. The calculation of the cascade development by t h i s method 
has therefore been terminated at an a l t i t u d e of 10 kilometers, 
which i s near the lowest ef f e c t i v e height of production 'of muons of 
momenta about 100 GeV/c observed at a core distance greater than 
100 metres, i f the muon parents possess normal transverse momenta. 
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Table 6.2 
Parameters of the Basic Model 
Primary Energy 
Atomic Number 
Zenith Angle 
M u l t i p l i c i t y 
(charged secondaries) 
Symbol 
& 
e 
N_ 
Value assumed 
2xl08GeV 
20 
0°, 20°(see t e x t ) 
15 x ( K E ^ I O 3 ) 
x • 0.25 f o r E^SxlO 3 
x * 0.5 f o r E>3xlO J 
Fragmentation Fraction 
Average Transverse 
Momentum 
I n e l a s t i c i t y ! nucleon 
p i on 
Interaction nucleon 
L e n g t h pion 
fcaon 
Secondary energy 
spectrum 
F 
<ft> 
XH 
f s ( E ) 
0.22 
0.5 GeV/c 
0.5 
1.0 
80 gm. cm o 
-2 
120 gm. cm • 
xvAj gm. cm o 
exp(-E/THexp(-E/G) 
T G 
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Preliminary calculations indicated that an i n s i g n i f i c a n t l y small 
error i s introduced into the theoretical muon densities by t h i s 
assumption,, The det a i l s of the arithmetical calculations are given 
i n the appendix f o r the region of the atmosphere above an a l t i t u d e 
of 10 kilometers, region A a 
The lower region, B, has been treated by a method similar to 
that used by H i l l a s (1966) and i s also i n the appendix, A schematic 
diagram of the development model i s shewn i n figure 6,3, On the 
basis of previous experimental and theoretical r e s u l t s , the most 
probable values f o r c o l l i s i o n parameters have been chosen. Calcul-
ations have been performed f o r a test momentum spectrum, varying 
each parameter., so. t h a t - t h e - s e n s i t i v i t y of the result to each could 
be determined. The parameters used as a basis f o r t h i s are given 
i n table 6 02, A l l parameters given i n t h i s table have already been 
discussed, with the exception of F, the fragmentation f r a c t i o n . 
This i s the f r a c t i o n of the nucleons i n the primary cosmic ray* i f 
i t i s heavier than a proton, which interact coherently i n the f i r s t 
c o l l i s i o n of the nucleus with an a i r nucleus* and are responsible 
f o r multiple pien production. The effect of fluctuations i n the 
values of any parameter have not been included, 
6,3. 3, Results and Comparisons with Experimental Data. 
When considering the longitudinal development of a meson cas-
cade i n i t i a t e d by a primary nucleus of atomic number A, i t i s a 
good approximation to consider the nucleus as A independent nuc-
leons of energy E /&0 I t has been found important* however* f o r 
IPRIMARY COSMIC RAY 
Fragmentation & 
pi on production 
nucleon-alr nucleus 
interactions 
Ist. generation pion-air 
nucleus Interactions 
2nd. genera t on plon-air 
nucleus interactions 
— TT energy spectrum;— — — N .energy, jpectrum 
N — a i r interaction 
TT-a i r i n t e r a c t i o n ! y / 5 7 * 
7% 
N —ci r interaction 
TT—air interaction N—air interaction 
Residual pion energy 
sftectrum. 
muon 
spectrum 
Residual nucleon energy 
spectrum 
MEASURING L E V E L 
FIGURE 6.3 
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an accurate treatment of the three-dimensional cascade development 
to take some account of the secondaries produced i n the f i r s t inter* 9 
action which fragments the nucleuso L i t t l e i s known about multiple 
meson production by very energetic nucl e i , but the results of 
Abraham et al« (1967) suggest that about 30% ef the nucleons i n the 
l i g h t e r nucleus involved i n the i n t e r a c t i o n interact coherently t o 
createmesons. This f r a c t i o n must, because of the paucity of ex-
perimental evidence, be an estimate, but the s e n s i t i v i t y of the 
model calculations to i t s value has been found to be small f o r v a l -
ues greater than 10$, 
The s e n s i t i v i t y ef the predictions to F, ^ p ^ and shower 
zenith angle ©-are shown i n f igure 6.40 displayed as ratios of the 
density of muons for a given value of a parameter to the density of 
muons f o r the basic value ef the parameter from table 6.2. The sen-
s i t i v i t y w i t h transverse momentum i s for variations i n the meam t r a n -
sverse momenta of secondaries from interactions ef primary energy 
greater than 1000 GeV only,since the secondaries from lower energy 
interactions possess a constant mean transverse momentum. The sen-
s i t i v i t y ef the muon densities to the shower primary energy E has 
P 
been found to bet 
A ^ ( p , r>10Cm„)oc E p ( l = 0 o 0 0 3 « P ) ...6.3.1 
where p i s the muon momentum. 
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The parameters A and N have been found to be the most sensit-
9 
ive and have been treated separately and at length. The remaining 
parameters* X and K have been found te affect only marginally the 
predicted muon momentum spectra. 
Since the effects of varying N g and A have been found to be 
equally great, both have been varied simultaneously te provide a 
matrix of predictions. 
This matrix, f o r the momentum spectrum at a core distance of 
300 metres, i s shown i n figure 6.5, displayed as the r a t i o of the 
observed density of muons to that predicted. The errors on the points 
correspond to the s t a t i s t i c a l errors on the observed d i f f e r e n t i a l 
momentum spectrum. The parameter varied to obtain the s e n s i t i v i t y 
to N i s £ , the energy exponent i n * 
9 
N a » 15 x (KEf* ...6.3.2 
(3 x l O 3 ? when E>- 3000 GeV. 
Similar matrices have been constructed f o r cere distances of 155 
metres and 520 metres, and the conclusion from a l l i s the same, 
namely that the region of agreement i s confined to the ranges 
0.5 ^  X < 0.75 and A > 4. The values of X, >• 0.5 have been con-
sidered only f o r completeness, since considerations of the dyn-
amics of an interaction exclude them, at least f o r the highest 
primary energies© I t can be shown that i f the energy exponent of 
the m u l t i p l i c i t y law i s X and the mass of a meson i s M then the mean 
energy of the secondary mesons i n the c o l l i s i o n C— system i s given 
I 
to in •i 
• i 
CM 
Ul 4 J 
I 1 
• I i 
,7 /(V'X)V 
in in in 
FIGURE 6.5 
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E* = constant x x J M ? X E 0" 5* ,,,6,3,3 
t h i s gives, f o r X > 0,5, E£ < M for a f i n i t e value of E, 
unless K i s a functien of E : 
K (E) = constant x E91 ,,,6,3,4 
where * > X - 0,5 
1 - X 
The available evidence on the v a r i a t i o n of K with E suggests that K 
decreases with increasing E, or i s independent of E, The most prob-
able value fo r X i s therefore X - 0e5o Thus the adopted values 
of X and A. w i l l be assumed to be 0,5 and 20 respectively. At t h i s 
stage, the effects of an increase i n mean transverse momentum and 
the inclusion ef kaons have not been added. 
Since the mechanism ef kaon-nucleon interactions i s unknown, 
only the effects of kaons produced i n the f i r s t interactions of the 
primary cosmic ray nucleons have been included. I t has been assum-
ed that 25% ef the secondaries preduced i n such interactions are 
kaons, which possess a d i s t r i b u t i o n i n transverse momentum similar 
to that of pions, with a mea>n transverse momentum of 0,8 GeV/c, and 
which possess an inte r a c t i o n length of 100 gnu cm , The inclusion 
• f kaons affects the densities of the d i s t a n t , high momentum muons 
only, as can be seen i n figure 6 06, This compares the predicted 
densities w i t h the observed densities f o r a number of core distan-
ces and for two compositions of secondaries! 100% pions i n a l l 
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i n t e r a c t i o n s , and 25% kaona from the f i r s t i n t e r a c t i o n only, a l l 
ether secondaries being pienso The inclusion of kaens dees not 
greatly enhance the muen densities. 
The predicted d i f f e r e n t i a l muon momentum spectra i n a shower of 
Q 
primary energy 2 x 10 GeV, f o r distances corresponding to those f o r 
which spectra have been obtained by the present experiment, are shown 
i n figure 6,7. The zenith angle ef the shower i s 20*. 
The calculations have been extended te predict the l a t e r a l d i s -
t r i b u t i o n ef muens ef momenta not less than 1 GeV/c, and the t e t a l 
momentum spectrum ef EAS muens* Because ef the uncertainties i n the 
experimental measurements f o r cere distances smaller than 100 metres, 
a-ising frem the difference i n the sizes of the showers i n which 
these are observed, and the consequent normalisation, the l a t t e r pre-
d i c t i o n has been obtained by evaluating* 
where ,y (^>p , r ) i s the int e g r a l momentum spectrum at a core d i s -
tance r . The t e t a l momentum spectrum of EAS muens fo r cere distan-
ces greater than 100 metres and the 1 GeV/c muon l a t e r a l d i s t r i b u t -
ion are shewn i n figure 6*8, compared with the corresponding observ-
ed d i s t r i b u t i o n s . I n both cases the predicted d i s t r i b u t i o n s have 
been ebtained f o r a primary prstsh and a primary nucleus of atomic 
number 20, t e determine the s e n s i t i v i t y of the measurements to the 
08 N OP) - j | OP,*) d* 
100 
6.3 .5 
10 u 
10 
y 0 
r 
FIGURE 
CO 
u. 
8 E « = 2 x l O w GeV. - J I 0 " f c - ^ P -IS 
An= 2 0 6 = 2 0 
LU 
( N e = 2.3x10 ) 
10 b -
10 
too IO 
MUON MOMENTUM (GcV/c) 
1 I — M i l l t | M k V | « I I I « 11 
N = 2 x l 0 
A = 20 
E 0 = 2 x l ( T G e V 
105 
A\ 
10 P+2 (GeV/c F I G U R E 10 \ 6.8 N = 2 x l 0 
A= 20 \ A = 1 \ CM 
• 
10 
\ 9 
\ I M i l l « i I • i i i I I I M i l l 
100 1000 10 
RADIAL DISTANCE ( m e t r e s ) 
-82-
pximary mass* Fax both d i s t r i b u t i o n s , the difference between the 
predictions increases with increasing musn momentum and core d i s -
tance. The prediction of the 1 GeV/c muen l a t e r a l d i s t r i b u t i o n has 
been normalised to that f o r a heavy primary* to i l l u s t r a t e the 
region of separation* Because ef the d i f f i c u l t y of measuring acc-
urately a shower size or primary energy, a difference i n absolute 
numbers between the predictions does not provide, unless i t i s very 
large, a means ef deciding the primary composition. The separation 
i n shape, however, f o r large cere distances, of the predicted l a t e r -
al d i s t r i b u t i o n s i s such as to give some hope of a determination of 
primary composition* 
To cheek that the assumptions made to explain the muen densit-
ies do net d i s t o r t the energy balance of the shower, a calculation 
has been performed i n order to predict the number of part i c l e s i n a 
shower at sea level o r i g i n a t i n g from a primary of atomic number 20 
g 
and primary energy 2 x 10 GeV, This has been accomplished by as-
suming charge symmetry f o r pion production and that a neutral pion 
decays into two photons ef equal energy* The height x energy d i s -
t r i b u t i o n ef the photons has been folded w i t h the curves- of 
Ivanenko and Samusodev (1967), suitably modified f o r an a i r absorb-
er, f o r an electron threshold energy ef 80 MeV* The shower i s 
7 
found to contain 2*3 x 10 pa r t i c l e s at sea l e v e l * 
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6.4. Conclusions. 
6.4. 1 The Mechanism af High Energy Interactions. 
A review of the present knowledge of the parameters of extremely 
high energy interactions obtained from the more direc t measurements 
indicates that very l i t t l e i s known about the mechanism ef such i n -
teractions f e r c o l l i s i o n energies greater than about i d 4 GeV. 
Indirect evidence from certain EAS measurements has shewn that ex-
trapolations made from the di r e c t results up to much higher energies 
may be v a l i d . For example, i t i s expected that the cross-section f o r 
the i n e l a s t i c interaction of a nucleon i n a i r w i l l approach the geo-
metrical value asymptotically with increasing energy. This cross-
section i s i n fact consistent with the value obtained from EAS meas-
urements such as those of Matane et a l . (1964). 
The in t e r a c t i o n i t s e l f i s characterised by four parametersi 
the m u l t i p l i c i t y , the transverse momentum d i s t r i b u t i o n , the energy 
spectrum and nature ef the secondary p a r t i c l e s , and the i n e l a s t i c -
i t y . The transverse momentum and the secondary energy d i s t r i b u t i o n s 
quoted byCecceni, Keester and Perkins (1961) i s substantiated by the 
results ef most experiments, and by the present experiment. However, 
since only these d i s t r i b u t i o n s have been considered i n the present 
analysis, the existence ef r a d i c a l l y d i f f e r e n t d i s t r i b u t i o n s , com-
binedr'with d i f f e r e n t values f o r other parameters, although improb-
able, cannot be excluded. 
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There i s some evidence from observations of the charge r a t i o of 
muons possessing large core distance x momentum products that the kaon 
i pion r a t i o of the secondaries of extremely high energy interactions 
remains w i t h i n the range observed at lower energies, i . e . O.l to 0.6 
(MacKeewn, 1965) with the most probable value of 0,25. The s i g n i f -
icant r e s u l t i s that the momentum spectra of EkS muons at various core 
distances are quite sensitive to the form of the m u l t i p l i c i t y funct-
ion f o r secondaries from the highest energy interactions. The form 
ef t h i s d i s t r i b u t i o n which f i t s the present observations i s : 
N - 0.4 x (K E)°°5 ...6.4.1 
8 
where N i s the m u l t i p l i c i t y ef a l l secondaries, K i s the i n e l a s t i c -
i t y and E the primary energy of the in t e r a c t i o n . This law i s v a l i d 
3 
for energies greater than 3 x 10 GeV. 
6.4. 2 The Nature of Primary Cosmic Rays. 
The composition of the primary cosmic ray beam i s well known 
3 
below about 10 GeV, but i t i s of great importance f o r the develop-
ment of astrophysical theories that t h i s knowledge be extended to 
much higher energies. The well-established change i n slope i n the 
size spectrum of EAS has been interpreted as evidence for a change 
i n the primary composition at a primary energy close to 2 x 10 GeV. 
I t i s supposed that t h i s change iscaused by the progressive loss from 
the galaxy of nuclei which at lower energies are contained by a 
galactic magnetic f i e l d of about 10 gauss. The consequence of 
t h i s loss would be a steadily increasing average atomic number for 
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primary cosmic rays af energy greater than 2 x 10^ GeV0 The second* 
net se well established slepe change i n the size spectrum i s then 
interpreted as evidence for the presence of extragalactic cosmic 
rays, possibly protons, i n the primary spectrum above an energy of 
9 
about 2 x 10 GeV. The present results are consistent with 
t h i s theory, i n that the characteristics of the muons observed i n an 
g 
EAS of primary energy 2 x 10 GeV are consistent with the shower 
originating from a primary heavy nucleus, and are inconsistent with 
a primary proton. There i s no evidence as yet for or against the 
Q 
hypothesis of a pure proton beam f o r energies above 2 x 10 GeV, 
6.5 Future Work. 
In the i n t e r p r e t a t i o n ef seme EAS measurements, the problems 
of the nature of the cosmic ray primary and of the parameters of 
ultra-high energy nuclear interactions are ine x t r i c a b l y l i n k e d . The 
study ef EAS muons affords the best opportunity of separating and 
illuminating these problems, because of the non-interacting properties 
of muons. By a careful choice of the spacial position and momentum 
ef muon measurements, any desired position i n the development of 
an a i r shower may, i n theory, be examined. The inte r p r e t a t i o n of 
the results presented i n t h i s thesis shows that a small proportion 
of muon3 i n an a i r shower, those possessing large momentum x core 
distance products, can furnish useful information en the processes 
occurring at the b i r t h of EAS. In the f u t u r e , the v a l i d i t y of the 
inter p r e t a t i o n of these results may be established by further 
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measurements i n other momentum-distance regions,, I n pa r t i c u l a r , 
since i t i s expected that those muons ef momenta near 100 GeV/c 
observed at a core distance of 300 m, which constitute the 
apparent excess are of the same production generation as those 
possessing momenta near 2 GeV/c at 1.5 kme, a large area muon 
detector situated f a r from the core of a large EAS could furnish 
useful information on the nature of primary cosmic rays of very 
high energy. At the other end of the momentum scale, a measurement 
of the EAS muon momentum spectrum at a core distance of 100 m. 
for momenta ~ 300 GeV/c could establish the primary cosmic ray 
composition i n showers of size near the change of slope of the 
shower size spectrum. 
APPENDIX 
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A.l General 
I t i s i m p l i c i t l y assumed that u n t i l a secondary meson decays 
into a muon i t s l a t e r a l and angular deviation from the core i s 
negligible. This assumption i s v a l i d f o r a l l but the lowest energy 
mesons, f o r which a bias i s introduced with the effect that the 
predicted muon momentum spectra w i l l be underestimated at small 
momentat at 300m. from the core, the density of lGeV/c muons i s 
underestimated by about 10$. 
A shower i n i t i a t e d by a heavy primary i s assumed to develop 
from the fragmentation of the primary on i t s f i r s t interaction 
a f t e r the following scheme. A f r a c t i o n , F, of the nucleons of the 
primary interact coherently to produce secondary mesons with a mult-
i p l i c i t y depending on the energy E radiatedi 
n - 15 x (E/3 x 1 0 3 ) 0 , 5 f o r E> 3000 GeV. 
5 
The remaining nucleons are freed and continue i n d i v i d u a l l y , r e t a i n -
ing equal shares of the primary energy. 
Constants useds 
1) Lifetimes of unstable p a r t i c l e s i 
T(n±)e 2.5 x 10" 8 sec.iT(K--)= 1.25 x 10" 8sec. = 2 xlO^sec 
2) Particle masses* 
m„ • 0.14 GeV/c*j mK - 0.49 GeV/c*| m„ = 0.939 GeV/c^j 
mn - 0.107 GeV/c2. 
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3) Interaction lengths* 
X f r = 120gm.cm~2.; X K = lOOgm.cm"2. ; \fj = 80gm.cm"'2« 
for a compound nucleus, the interaction length i s calculated 
using a formula due to Peters (1952) » 
4) The atmospherei 
The atmosphere i s taken to be represented, for ease of 
integ r a t i o n , by the following expressions deduced from the data 
given by Rossi (1952) and the Handbook of Geophysics ( The Mac-
millan Companyt 1960), 
h(x,6) = HJxln(T0/t)-H2 exp ( t A l ) 
x(h,0) = TO exp (-h/Hl)-T2 exp (-h/H3) 
where TO = 1335 sec (e)gm.cm~2,; T l => 350 sec(e) gnu cm •; 
A.2 Calculation f o r region A, 
Each generation of mesons i s treated separately, and c a l c u l -
ated by the method of successive c o l l i s i o n s . The density of muons 
at a distance r from the core, originating from the n**1 meson gen-
eration and meson energy E R i s obtained by numerical evaluation of 
the following expressions 
205 
¥T2 (0.6+A 3) 
• •. A.l 
T2 = 300 sec(e)gm„cm" .; HI = 6.3 sec(e)km.; 
H2 - 0.095 sec(6)km.; H3 - 2.7 sec(ejkm.; 
(I If 
J P M(E »Et,0,x.) 
ZJ,(r,EJdr dE - , ) ~'~ J I > 
n x x . x. E ,E N* o I n n-1 
n 
x U p s ( E i , E i + i , x i , x i + i ) d E r - d E n - i d x l d x n-1 
x C(E ,r,x ) dx dr dE n n n n • *A«2 
where P^t Pg are the p r o b a b i l i t i e s that a nucleon and a 
charged meson respectively) originating at a depth x^ with an 
energy , w i l l survive to interact at a depth x ^ and prod-
uce a secondary meson of energy E^ + 1 , The s u f f i x l i s i d e n t i f i e d 
with the intermediate meson generations* ^(E^, r , X r ) i s the 
pr o b a b i l i t y that a secondary, produced at a depth x R with an 
energy E^ w i l l decay into a muon at such an angle from the core 
t h a t , i f the muon survives* i t w i l l arrive at the observation 
level at a distance r . I t i s assumed that t h i s angle ^ i s givei 
by i 
% = r x E n ...A.3 
h(x n J 
where h ( x n ) i s the geometrical height from the observation level 
to the depth X r , The function C i s of the form! 
C(E ,r,x )dE dr • r x expi-r.E «Al/h(x )}x E 2 dE dr „,A.4 
n n n v n n } n n 
h Z(x ).A2.(HA3<,EJ n n 
where A l , A2« A3 are constants. 
The function P 8 i s given byi 
P8«x N ( E 1 , x i ) . N a ( E ^ e x p ( - E 1 + 1 / T i ) / T i + expt-E^/G^/ 
G i } X " c P { " ( X l + l , * i y L « « ) 
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where N g(E^), and are the mean charged meson m u l t i p l i c i t y , 
mean forward cose energy and mean backward cose energy of the mesons 
i n the L- system, and 
, 1 _ = 1 + 1 
I e f f \ ( i n t e r a c t i o n ) \ ( decay) 
e e.Ao6 
Having produced the contribution from the n*^1 generation, the secon-
dary meson energy spectrum as a function of height of production i s 
modified to allow f o r meson decay. Assuming muons result from a 
two-body decay process, i t can be shown that: 
Q.E' 
. n 
where ^ ^ ( £ n , h; i s the density of muons of momentum E n , which 
originate from a height h, that are the decay products of mesons of 
energy E^. Q i s the reciprocal of the minimum f r a c t i o n of energy 
carried away from a meson decay by a muont 
s p 
Preliminary calculations were performed to optimise the mathematic-
al calculations, and the intervals used i n the numerical evaluate 
ion of equation A„2 were quarter decades i n energy and 2km. i n 
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height. The calculation was terminated a f t e r three generations 
as the contribution to the density of high momentum muons at core 
distances greater tham 100m. from lower generations i s negligible* 
A , 3 Calculation f o r Region B. 
The calculation f o r the cascade i n region B has been carried 
out using a method similar to that of Holyoak (1967). Interaction 
points of nucleons and mesons are considered fixed i n the atmosphere, 
at i n t e r v a l s equal to t h e i r respective interaction lengths. The 
s t a r t i n g point of the calculation, the energy spectra of nucleons 
and mesons at a height of 10km., i s obtained by using equation A . 2 , 
modified to consider longitudinal development only, and extending 
the number of generations u n t i l the required accuracy i s reached. 
The spectra are calculated to a mathematical accuracy of 5$. 
The nucleon spectrum i s obtained easily from the following 
expression, which assumes that the number of interactions undergone 
by a nucleon i n a given thickness of matter i s d i s t r i b u t e d as a 
poisson function, and that the i n e l a s t i c i t y of nucleon-nucleon c o l l -
isions does not fluctuate! 
S(E n,x) = (x/X.) A.exp(-x/X) 
A! 
where E N , E q , \ are the nucleon energy, primary energy and i n t e r a c t -
ion length respectively, A i s given by» 
e • . A .10 
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where k i s the reciprocal of the nucleon i n e l a s t i c i t y . 
The cascade model f o r region B i s shown diagrammatically i n 
figure 6 e3. Secondary mesons from a nucleon interaction are all o c -
ated to the meson population entering and leaving the meson i n t e r -
action levels i n proportions inversely proportional to the d i f f e r -
ences i n depth between the nucleon in t e r a c t i o n level and the two 
adjacent meson levels. Mesons are allowed to decay between meson 
levels^ and the number which decay are assumed to originate, for the 
purpose of calculating the l a t e r a l d i s t r i b u t i o n } from a point h a l f -
way between the levels. 
As i n the calculation f o r region A, f u l l account i s taken 
of the effect of meson decay, muon decay and energy loss on the muon 
momentum spectrum. 
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